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1
GRAPHICAL SYSTEM WITH ENHANCED
STEREOPSIS

BACKGROUND

1. Field

The described embodiments relate to techniques for pre-
senting three-dimensional information.

2. Related Art

Many electronic devices include display subsystems that
use image-rendering techniques to present visual information
to users. For example, many existing display subsystems
present visual information using one or more two-dimen-
sional (2D) images (such as a 2D view of an image in a plane)
that are displayed on a display.

However, it can be difficult to accurately present three-
dimensional (3D) information to the users using 2D images.
For example, in many computer-vision applications, a 2D
image or a sequence of 2D images (which is sometimes
referred to as <2.5D’ images) based on an extracted surface or
a volume rendering is often used to specify a single 3D-per-
spective view projected on to a plane, thereby simulating the
appearance of 3D information. Nonetheless, the 2.5D images
are not typically 3D images. In particular, the 2.5D images do
not include image parallax (i.e., they do not provide stereo-
scopic viewing based on the offset between the left and right
eyes of a viewer). Therefore, the 3D-perspective view pro-
vided by 2.5D images may not be the same as that provided by
an actual 3D image. The differences that occur can result in
distortions, which can degrade the accuracy of the viewer’s
perception of the presented 3D information (which can result
in errors) and may degrade the viewer experience by making
it more difficult, time consuming and tiring for the viewer to
look at the 3D information.

SUMMARY

The described embodiments include a computer system
that provides stereoscopic images. During operation, the
computer system generates the stereoscopic images at a (3D)
location corresponding to a viewing plane based on data
having a discrete spatial resolution, where the stereoscopic
images include image parallax. Then, the computer system
scales objects in the stereoscopic images so that depth acuity
associated with the image parallax is increased, where the
scaling is based on the spatial resolution and a viewing geom-
etry associated with a display. Next, the computer system
provides the resulting stereoscopic images to the display.

Note that the spatial resolution may be associated with a
voxel size in the data and/or a discrete spacing along a direc-
tion between images in the data.

Moreover, the viewing plane may correspond to the dis-
play.

In some embodiments, the computer system tracks the eye
positions of an individual that views the stereoscopic images
on the display. The stereoscopic images may be generated
based on the tracked positions of the eyes of the individual.
Furthermore, the computer system may track motion of the
individual, and may re-generate the stereoscopic images
based on the tracked motion of the individual so that the
stereoscopic images include motion parallax. Additionally,
the computer system may track interaction of the individual
with information in the displayed stereoscopic images, and
may re-generate the stereoscopic images based on the tracked
interaction so that the stereoscopic images include prehen-
sion. For example, the individual may interact with the infor-
mation using one or more interaction tools.
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2

Note that the stereoscopic images may include a first image
to be viewed by a left eye of the individual and a second image
to be viewed by a right eye of the individual. Moreover, the
viewing geometry may include a distance from the display of
the individual and/or a focal point of the individual.

In some embodiments, generating the stereoscopic images
is based on where the information in the stereoscopic images
is located relative to the eyes of the individual that views the
stereoscopic images on the display; and a first frustum for one
of'the eyes of the individual and a second frustum for another
of'the eyes of the individual that specify what the eyes of the
individual observe when viewing the stereoscopic images on
the display. Furthermore, generating the stereoscopic images
may involve: adding monoscopic depth cues to the stereo-
scopic images; and rendering the stereoscopic images.

In some embodiments, the computer system tracks a gaze
direction of the individual that views the stereoscopic images
on the display. Moreover, an intensity of a given voxel in a
given one of the stereoscopic images may be based on a
transfer function that specifies a transparency of the given
voxel and the gaze direction so that the stereoscopic images
include foveated imaging.

In another embodiment, the computer system determines
segments of an anatomical feature in multiple images. This
anatomical feature may include a hierarchical arrangement of
nodes and branches. Furthermore, the segments may have
aspect ratios less than a pre-determined value. Using the
segments, the computer system may efficiently provide 3D
stereoscopic images with motion parallax and/or prehension.
For example, the segments may facilitate: more compact
storage of information corresponding to the anatomical fea-
ture, fast extraction of regions of interest, and faster rending
of'the 3D stereoscopic images.

In another embodiment, the computer system provides one
or more 3D stereoscopic images with motion parallax and/or
prehension along with one or more 2D projections associated
with the 3D stereoscopic images. The 3D stereoscopic images
and the 2D projections may be displayed side by side on a
common display. Moreover, as the user interacts with the 3D
stereoscopic images and changes their viewing perspective,
the computer system may dynamically update the 3D stereo-
scopic images and the 2D projections based on the current
perspective.

In another embodiment, the computer system provides a
virtual instrument that facilitates user interaction with the 3D
stereoscopic images.

Another embodiment provides a computer-program prod-
uct for use with the computer system. This computer-program
product includes instructions for at least some of the opera-
tions performed by the computer system.

Another embodiment provides a method, which may be
performed by the computer system. During the method, the
computer system may perform at least some of the operations
described above.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 is a block diagram illustrating a graphical system in
accordance with an embodiment of the present disclosure.

FIG. 2 is a drawing illustrating a frustum for a vertical
display in the graphical system of FIG. 1 in accordance with
an embodiment of the present disclosure.

FIG. 3 is a drawing illustrating a frustum for a horizontal
display in the graphical system of FIG. 1 in accordance with
an embodiment of the present disclosure.
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FIG. 4 is a drawing illustrating a frustum for an inclined
display in the graphical system of FIG. 1 in accordance with
an embodiment of the present disclosure.

FIG. 5 is a drawing illustrating calculation of stereopsis
scaling in the graphical system of FIG. 1 in accordance with
an embodiment of the present disclosure.

FIG. 6 is a block diagram illustrating a computer system in
accordance with an embodiment of the present disclosure.

FIG. 7 is a block diagram illustrating a pipeline performed
by the computer system of FIG. 6 in accordance with an
embodiment of the present disclosure.

FIG. 8 is a drawing illustrating target segmentation in
accordance with an embodiment of the present disclosure.

FIG. 9 is a drawing illustrating target segmentation in
accordance with an embodiment of the present disclosure.

FIG. 10 is a drawing illustrating target segmentation in
accordance with an embodiment of the present disclosure.

FIG. 11 is a drawing illustrating target segmentation in
accordance with an embodiment of the present disclosure.

FIG.12A is a drawing illustrating a display in the graphical
system of FIG. 1 in accordance with an embodiment of the
present disclosure.

FIG. 12B is a drawing illustrating a display in the graphical
system of FIG. 1 in accordance with an embodiment of the
present disclosure.

FIG. 12C is a drawing illustrating a display in the graphical
system of FIG. 1 in accordance with an embodiment of the
present disclosure.

FIG. 13 is a drawing illustrating a virtual instrument in
accordance with an embodiment of the present disclosure.

FIG. 14 is a drawing illustrating segmentation in virtual
colonoscopy in accordance with an embodiment of the
present disclosure.

FIG. 15 is a drawing illustrating segmentation in virtual
colonoscopy in accordance with an embodiment of the
present disclosure.

FIG. 16 is a flow diagram illustrating a method for provid-
ing stereoscopic images in accordance with an embodiment
of the present disclosure.

FIG. 17 is a flow diagram illustrating a method for deter-
mining segments of an anatomical feature in multiple images
in accordance with an embodiment of the present disclosure.

FIG. 18 is a flow diagram illustrating a method for provid-
ing 3D stereoscopic images and associated 2D projections in
accordance with an embodiment of the present disclosure.

Table 1 provides pseudo-code for a segmentation calcula-
tion at the interface between tissue classes in accordance with
an embodiment of the present disclosure.

Table 2 provides a tree-structured articulated model of
anatomical segments in accordance with an embodiment of
the present disclosure.

Table 3 provides pseudo-code for a tree-structured articu-
lated model of anatomical segments in accordance with an
embodiment of the present disclosure.

Table 4 provides a representation of a problem-solving
virtual instrument in accordance with an embodiment of the
present disclosure.

Table 5 provides pseudo-code for a segmentation calcula-
tion at the interface between tissue classes in virtual colonos-
copy in accordance with an embodiment of the present dis-
closure.

Note that like reference numerals refer to corresponding
parts throughout the drawings. Moreover, multiple instances
of'the same part are designated by a common prefix separated
from an instance number by a dash.

DETAILED DESCRIPTION

Human perception of information about the surrounding
environment contained in visible light (which is sometimes
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referred to as ‘eyesight,” ‘sight,” or ‘vision’) is facilitated by
multiple physiological components in the human visual sys-
tem, including senses that provide sensory inputs and the
cognitive interpretation of the sensory inputs by the brain.
The graphical system in the present application provides ren-
dered images that intuitively facilitate accurate human per-
ception of 3-dimensional (3D) visual information (i.e., the
awareness of an object or a scene through physical sensation
of the 3D visual information). In particular, the graphical
system in the present application provides so-called True 3D
via rendered left-eye and right-eye images that include appar-
ent image parallax (i.e., a difference in the position of the
object or the scene depicted in the rendered lefi-eye and the
right-eye images that approximates the difference that would
occur if the object or the scene were viewed along two dif-
ferent lines of sight associated with the positions of the left
and right eyes). This apparent image parallax may provide
depth acuity (the ability to resolve depth in detail ) and thereby
triggers realistic stereopsis in an individual (who is some-
times referred to as a ‘user,” a ‘viewer’ or an ‘observer’), i.e.,
the sense of depth (and, more generally, actual 3D informa-
tion) that is perceived by the individual because of retinal
disparity or the difference in the left and right retinal images
that occur when the object or the scene is viewed with both
eyes or stereoscopically (as opposed to viewing with one eye
or monoscopically).

The True 3D provided by the graphical system may incor-
porate a variety of additional features to enhance or maximize
the depth acuity. In particular, the depth acuity may be
enhanced by scaling the objects depicted in left-eye and the
right-eye images prior to rendering based on the spatial reso-
Iution of the presented 3D visual information and the viewing
geometry. Moreover, the graphical system may include
motion parallax (the apparent relative motion of a stationary
object against a background when the individual moves) in a
sequence of rendered left-eye and right-eye images so that the
displayed visual information is modified based on changes in
the position of the individual. This capability may be facili-
tated by a sensor input to the graphical system that determines
or indicates the motion of the individual while the individual
views the rendered left-eye and the right-eye images. Further-
more, the sequence of rendered left-eye and right-eye images
may include prehension, which, in this context, is the percep-
tion by the individual of taking hold, seizing, grasping or,
more generally, interacting with the object. This capability
may be facilitated by another sensor input to the graphical
system that monitors interaction between the individual and
the displayed visual information. For example, the individual
may interact with the object using a stylus. In addition, the
depth acuity offered by the graphical system may be
enhanced through the use of monoscopic depth cues, such as:
relative sizes/positions (or geometric perspective), lighting,
shading, occlusion, textural gradients, and/or depth cueing.

In a wide variety of applications, True 3D may allow the
individual to combine cognition (i.e., a deliberative conscious
mental process by which one achieves knowledge) and intu-
ition (i.e., an unconscious mental process by which one
acquires knowledge without inference or deliberative
thought). This synergistic combination may further increase
the individual’s knowledge, allow them to use the graphical
system to perform tasks more accurately and more efficiently.
For example, this capability may allow a physician to synthe-
size the emotional function of the right brain with the ana-
Iytical functions of the left brain to interpret the True 3D
images as a more accurate and acceptable approximation of
reality. In radiology, this may improve diagnoses or efficacy,
and may increase the confidence of radiologists when making
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decisions. As a consequence, True 3D may allow radiologists
to increase their throughput or workflow (e.g., the enhanced
depth acuity may result in improved sensitivity to smaller
features, thereby reducing the time needed to accurately
resolve features in the rendered images). Alternatively, sur-
geons can use this capability to plan surgeries or to perform
virtual surgeries (for example, to rehearse a surgery) which
may otherwise be impossible using existing graphical sys-
tems. Furthermore, because the visual information in True 3D
intuitively facilitates accurate human perception, it may be
easier and less tiring for physicians to view the images pro-
vided by the graphical system than those provided by existing
graphical systems. Collectively, these features may improve
patient outcomes and may reduce the cost of providing medi-
cal care.

While the embodiments of True 3D may not result in per-
fect perception ofthe 3D visual information by all viewers (in
principle, this may require additional sensory inputs, such as
those related to balance), in general the deviations that occur
may not be detected by most viewers. Thus; the graphical
system may render images based on a volumetric virtual
space that very closely approximates what the individual
would see with their own visual system. As described further
below in the discussion of applications of the graphical sys-
tem, the deviations that do occur in the perception of the
rendered images may be defined based on a given application,
such as how accurately radiologists are able to detect the
presence of cancer based on the images provided by the
graphical system.

Graphical System

FIG. 1 presents a block diagram of a graphical system 100,
including a data engine 110, graphics (or rendering) engine
112, display 114, one or more optional position sensor(s) 116,
and tool engine 118. This graphical system may facilitate
close-range stereoscopic viewing of 3D objects (such as those
depicting human anatomy) with unrestricted head motion and
hand-directed interaction with the 3D objects, thereby pro-
viding a rich holographic experience.

During operation, data engine 110 may receive input data
(such as a computed-tomography or CT scan, histology, an
ultrasound image, a magnetic resonance imaging or MRI
scan, or another type of 2D image slice depicting volumetric
information), including dimensions and spatial resolution. In
an exemplary embodiment, the input data may include rep-
resentations of human anatomy, such as input data that is
compatible with a Digital Imaging and Communications in
Medicine (DICOM) standard. However, a wide variety of
types of input data may be used (including non-medical data),
which may be obtained using different imaging techniques,
different wavelengths of light (microwave, infrared, optical,
X-ray), etc.

After receiving the input data, data engine 110 may: define
segments in the data (such as labeling tissue versus air); other
parameters (such as transfer functions for voxels); identify
landmarks or reference objects in the data (such as anatomical
features); and identify 3D objects in the data (such as the
colon and, more generally, groups of voxels). One or more of
these operations may be performed by or may be augmented
based on input from a user or viewer 122 of graphical system
100.

As described further below, based on the information out-
put by data engine 110 (including the left and right eye coor-
dinates and distance 124 of viewer 122 from display 114),
graphics engine 112 may define, for the identified 3D objects,
model matrices (which specify where the objects are in space
relative to viewer 122 using a model for each of the objects),
view matrices (which specify, relative to a tracking camera in
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display 114, the location and/or gaze direction of the eyes of
viewer 122), and projection or frustum matrices (which
specify what is visible to the eyes of viewer 122). These
model, view and frustum matrices may be used by graphics
engine 112 to render images of the 3D objects. For a given
eye, the rendered image may provide a 2.5D monoscopic
projection view on display 114. By sequentially displaying
left-eye and right-eye images that include image parallax
(i.e., stereoscopic images), 3D information may be presented
on display 114. These images may be appropriately scaled or
sized so that the images match the physical parameters of the
viewing geometry (including the position of viewer 122 and
size 126 of the display 114). This may facilitate the holo-
graphic effect for viewer 122. In addition, the left-eye and the
right-eye images may be displayed at a monoscopic fre-
quency of at least 90 Hz (or a stereoscopic frequency of at
least 45 Hz), which can be viewed by viewer 122 using
polarized glasses. Note that this frequency may be large
enough to avoid flicker even in ambient lighting and may be
sufficient for viewer 122 to fuse the images to perceive ste-
reopsis and motion.

Moreover, one or more optional position sensors 116
(which may be separate from or integrated into display 114)
may dynamically track movement of the head of viewer 122
with up to six degrees of freedom, and this head-tracking
information (e.g., the positions of the eyes of viewer 122
relative to display 114) may be used by graphics engine 112
to update the view and frustum matrices and, thus, the ren-
dered left-eye and right-eye images. In this way, the rendered
images may be optimal from the viewer perspective and may
include motion parallax. In some embodiments, the one or
more optional position sensor(s) 116 optionally dynamically
track the gaze direction of viewer 122 (such as where viewer
122 is looking). By tracking where viewer 122 is looking,
graphics engine 112 may include foveated imaging when
rendering images, which can provide additional depth per-
ception. For example, the transfer functions defined by data
engine 110 may be used to modify the rendering of voxels in
a 3D image (such as the transparency of the voxels) based on
the focal plane of viewer 122.

Furthermore, tool engine 118 may dynamically track 3D
interaction of viewer 122 with an optional physical interac-
tion tool 120 (such as a stylus, a mouse or a touch pad that
viewer 122 uses to interact with one or more of the displayed
3D objects) with up to six degrees of freedom. For example,
viewer 122 can grasp an object and interact with it using
optional interaction tool 120. The detected interaction infor-
mation provided by tool engine 118 may be used by graphics
engine 112 to update the view and frustum matrices and, thus,
the rendered left-eye and right-eye images. In this way, the
rendered images may update the perspective based on inter-
action of viewer 122 with one or more of the displayed 3D
objects using the interaction tool (and, thus, may provide
prehension), which may facilitate hand-eye coordination of
viewer 122.

By using image parallax, motion parallax and prehension,
graphical system 100 may provide cues that the human brain
uses to understand the 3D world. In particular, the image
parallax triggers stereopsis, while the motion parallax can
enable the viewer to fuse stereoscopic images with greater
depth. In addition, the kinesthetic (sensory) input associated
with the prehension in conjunction with the sterecopsis may
provide an intuitive feedback loop between the mind; eyes
and hand of viewer 122 (i.e., the rich holographic experi-
ence).

Note that the one or more optional position sensors 116
may use a wide variety of techniques to track the locations of
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the eyes of viewer 122 and/or where viewer 122 is looking
(such as a general direction relative to display 114). For
example, viewer 122 may be provided glasses with reflecting
surfaces (such as five reflecting surfaces), and infrared light
reflected off of these surfaces may be captured by cameras or
imaging sensors (which may be integrated into or included in
display 114). This may allow the 3D coordinates of the
reflecting surfaces to be determined. In turn, these 3D coor-
dinates may specify the location and/or the viewing direction
of the eyes of viewer 122, and can be used to track head
movement. Alternatively or additionally, stereoscopic trian-
gulation may be used, such as Leap (from Leap Motion, Inc.
of San Francisco, Calif.). For example, two (left/right) cam-
era views of the face of viewer 122 may be used to estimate
what viewer 122 is looking at. In particular, image processing
of'the two camera views may allow the 3D coordinates of the
eyes of viewer 122 to be determined. Another technique for
tracking head motion may include sensors (such as magnetic
sensors) in the glasses that allow the position of the glasses to
be tracked. More generally, a gyroscope, electromagnetic
tracking (such as that offered by Northern Digital, Inc. of
Ontario, Canada), a local positioning system and/or a time of
flight technique may be used to track the head position of
viewer 122, such as Kinect (from Microsoft Corporation of
Redmond, Wash.). In the discussion that follows, cameras in
display 114 are used as an illustrative example of a technique
for tracking the location and/or gaze direction of the eyes of
viewer 122.

Furthermore, instead of optional physical interaction tool
120, in some embodiments viewer 122 may interact with
displayed objects by using gestures in space (such as by
moving one or more fingers on one or more of their hands).
For example, a time of flight technique may be used (such as
Kinect) and/or stereoscopic triangulation may be used (such
as Leap). More generally, the position or motion of optional
physical interaction tool 120 may be determined: optically,
using magnetic sensors, using electromagnetic tracking,
using a gyroscope, using stereoscopic triangulation and/or
using a local positioning system.

Note that optional physical interaction tool 120 may pro-
vide improved spatial control for viewer 122 (such as a sur-
geon) when interacting with the displayed objects.

Additionally, a wide variety of displays and display tech-
nologies may be used for display 114. In an exemplary
embodiment, display 114 integrates the one or more optional
position sensors 116. For example, display 114 may be pro-
vided by Infinite Z, Inc. (of Mountain View, Calif.) or
Leonar3do International, Inc. (of Herceghalom, Hungary).
Display 114 may include: a cathode ray tube, a liquid crystal
display, a plasma display, a projection display, a holographic
display, an organic light-emitting-diode display, an electronic
paper display, a ferroelectric liquid display, a flexible display,
ahead-mounted display, a retinal scan display, and/or another
type of display. In an exemplary embodiment, display 114 is
a 2D display. However, in embodiments where display
includes a holographic display, instead of sequentially (and
alternately) displaying left-eye and right-eye images, at a
given time a given pair of images (left-eye and right-eye) may
concurrently displayed by display 114 or the information in
the given pair of images may be concurrently displayed by
display 114. Thus, display 114 may be able to display mag-
nitude and/or phase information.

Image Processing and Rendering Operations

Graphical engine 112 may implement a vertex-graphics-
rendering process in which 3D vertices define the corners or
intersections of voxels and, more generally, geometric shapes
in the input data. In an exemplary embodiment, graphics
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engine 112 uses a right-handed coordinate system. Graphics
engine 112 may use physical inputs (such as the position of
the eyes of viewer 122) and predefined parameters (such as
those describing size 126 of display 114 in FIG. 1 and the
viewing geometry) to define the virtual space based on matri-
ces. Note that graphics engine 112 ‘returns’ to the physical
space when the left-eye and right-eye images are rendered
based on the matrices in the virtual space.

Inthe virtual space, 3D objects may each be represented by
a 4x4 matrix with an origin position, a scale and an orienta-
tion. These objects may depict images, 3D volumes, 3D sur-
faces, meshes, lines or points in the input data. For computa-
tional simplicity, all the vertices may be treated as three-
dimensional homogeneous vertices that include four
coordinates, three geometric coordinates (x, y, and z) and a
scale w. These four coordinates may define a 4x1 column
vector (X, v, z, w)”. Note that: if w equals one, then the vector
(X, ¥, Z, 1) is a position in space; if w equals zero, then the
vector (X, V, 7, 0) is a position in a direction; and if w is greater
than zero, then the homogeneous vertex (%, y, z, w)” corre-
sponds to the 3D point (x/w, y/w, z/w)~.

Using homogeneous coordinates, a vertex array can repre-
sent a 3D object. In particular, an object matrix M may ini-
tially be represented as

mé4

mS

ml2
ml3
mla |
mlS

m0
m9

ml0

mll

ml
m2 mb

m3 ml

where, by default, (m0, m1, m2) may be the +x axis (left)
vector (1, 0, 0), (m4, m5, m6) may be the +y axis (up) vector
(0, 1, 0), (m8, m9, m10) may be the +z axis (forward) vector
(0, 0, 1), m3, m7, and m11 may define the relative scale of
these vectors along these axes, m12, m13, m14 specity the
position of a camera that tracks the positions of the eyes of
viewer 122, and m15 may be one.

By applying a rotation operation (R), a translation opera-
tion (T) and a scaling operation (S) across the vertex array of
an object (i.e., to all of'its (X, y, z, W) vectors), the object can
be modified in the virtual space. For example, these opera-
tions may be used to change the position of the object based
onwhere viewer 122 is looking, and to modify the dimensions
or scale of the object so that the size and proportions of the
objectare accurate. In particular, a transformed vector may be
determined using

SRTI,,

where I, is an initial vector in the virtual space. Note that, in
aright-handed coordinate system, arotation a about the x axis
(Rx), a rotation a about the y axis (Ry) and a rotation a about
the z axis (Rz), respectively, can be represented as

1 0 0 0 cos(a) 0 sin(a) 0O

0 cos(a) -sin(a) 0 0 1 0 0
Rx = . s Ry=| .

0 sin(a) cos(a) 0 —sin(a) O cos(a) 0

0 0 0 1 0 0 0 1
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-continued

and

cos(a) —sin(a) 0

0
sin(fa) cos{a) 0 0O
=l oo 0 10
1

0 0 0

Similarly, a translation by (X, y, z) can be represented as

oS o o -
o o - o
o - o o
[l B 1

a non-uniform scaling by s, along the x axis, s, along the y
axis and s, along the z axis can be represented as

s 0 00
0 s, 00
00 s, 0
00 01

and a uniform scaling s can be represented as

1000

0100
S_

0010

000 s

Moreover, note that an arbitrary combination of rotation,
translation and scaling matrices is sometimes referred to as a
‘transformation matrix’ Tf. Therefore, after applying the rota-
tion, translation and scaling matrices, the model matrix M
may become a model transformation matrix Mt. This trans-
formation matrix may include the position of the object (tx, ty,
tz, 1)%, the scale s of the object and/or the direction R of the
object [(r1, 12, r3)%, (r4, 15, r6)%, (x7, 18, r9)7]. Thus, the
transformation matrix Mt may be generated by: translating
the object to its origin position (tx, ty, tz, 1)%; rotating the
object by R; and/or scaling the object by s. For example, with
uniform scaling the transformation matrix Mt may be repre-
sented as

rl r4
2 r5 r8 1y
B o6 9 |
0 0 0 s

¥l i

In addition to the model matrices for the objects, graphics
engine 112 may also implement so-called ‘views’ and ‘per-
spective projections,” which may each be represented using
homogeneous 4x4 matrices. The view may specify the posi-
tion and/or viewing target (or gaze direction) of viewer 122
(and, thus, may specify where the objects are in space relative
to viewer 122). In the virtual space, a given view matrix V (for
the left eye or the right eye) may be based on the position of
a camera that tracks the positions of the eyes of viewer 122,
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the location the camera is targeting; and the direction of the
unit vectors (i.e., which way is up), for example, using a
right-hand coordinate system. In the physical space, the view
matrices V may be further based on the eye positions of
viewer 122, the direction of the unit vectors and/or where
viewer 122 is looking. In an exemplary embodiment; the view
matrices V are created by specifying the position of the cam-
era and the eyes of viewer 122, specifying the target coordi-
nate of the camera and the target coordinate of the eyes of
viewer 122, and a vector specifying the normalized +y axis
(which may be the ‘up’ direction in a right-handed coordinate
system). For example, the target coordinate may be the loca-
tion that the camera (or the eyes of viewer 122) is pointed,
such as the center of display 114.

In an exemplary embodiment, the given view matrix V is
determined by constructing a rotation matrix Rv. In this rota-
tion matrix, the ‘z axis’ may be defined as the normal from
given camera position (px, py, pz)” minus the target position,
ie.,

(21,22 23) =normal[ (px, py.pz) = (tx,13,12)7].
Then, the “x axis’ may be calculated as the normal of the cross

product of the ‘z axis’ and normalized +y axis (which may
represent the ‘up’ direction), i.e.,

(x1,x2,x3) "=normal[crosss[(z1,22,23)7, (eex, uv,uz) 1]

Moreover, the un-normalized y axis may be calculated as the
cross product of the ‘7 axis’ and ‘x axis,” i.e.,

(71,32,53) =normal[(z1,22,23)7,(x1 x2,x3)7].

Thus, the complete 4x4 rotation matrix Rv for use in deter-
mining the given view matrix may be

xl yl z1 0O

X2 y2 22 0

x3 y3 23 0 ’
0 0 01

Next, the given view matrix V may also be determined by
constructing a translation matrix Tv based on the position of
one of the eyes of viewer 122 (tx, ty, tz). In particular, the
translation matrix Tv may be represented as

00 =
1 0wy
01 z|
001

o o O

Using the rotation matrix-Rv and the translation matrix Tv,
the inverse of the given view matrix V™! may be determined as

vi=pv.Tv
or

x1 yl z1 =

o X2 2 2

_x3y3z3tz'
0 0 0 1

The perspective projection may use left-eye and right-eye
frustums F to define how the view volume is projected on to
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a 2-dimensional (2D) plane (e.g., the viewing plane, such as
display 114) and on to the eyes of viewer 122 (which may
specify whatis visible to the eyes of viewer 122). In the virtual
space, a given frustum (for the left eye or the right eye) may
be the portion of the 3D space (and the 3D objects it contains)
that may appear or be projected as 2D left-eye or right-eye
images on display 114. In the physical space, the given frus-
tum may be the viewing volume that defines how the 3D
objects are projected on to one of the eyes of viewer 122 to
produce retinal images of the 3D objects that be perceived
(i.e., the given frustum specifies what one of the eyes of
viewer 122 sees or observes when viewing display 114). Note
that the perspective projection may project all points into a
single point (an eye of viewer 122). As a consequence, the two
perspective projections, one for the left eye of the viewer and
another for the right-eye of the viewer, are respectively used
by graphics engine 112 when determining the left-eye image
and the right-eye image. In general, for an arbitrary head
position of viewer 122, the projection matrices or frustums
for the left eye and the right eye are different from each other
and are asymmetric.

FIG. 2 presents a drawing illustrating a frustum 200 for a
vertical display in graphical system 100. This frustum
includes: a near-plane (or surface), a far (or back) plane, a left
plane, a right plane, a top plane and a bottom plane. In this
example, the near plane is defined at z equal to n. Moreover,
the vertices of the near plane are at x equal to 1 and r (for,
respectively, the left and right planes) and y equal to t and b
(for, respectively, the top and bottom planes). The vertices of
the far f'plane can be calculated based on the ratio of similar
triangles as

;o lefig,
no 1
Lfar

which can be re-arranged as

o= (L)

By defining a perspective projection factor P as
!
n

this can be re-expressed as

1, =Pl
As shown in FIG. 2, the coordinates of the vertices at the far
plane in frustum 200 can be expressed in terms of the coor-

dinates at the near plane and the perspective projection factor
P. Moreover, frustum (F) 200 can be expressed as a 4x4 matrix

2n r+l
- =
2n t+b
oo o = = 0
0 0 -(f+n) -2fn
f- f-n
0 0 -1 0

In an exemplary embodiment, when the head position of
viewer 122 in FIG. 1 is not tracked (i.e., when motion parallax
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is not included), the near plane may be coincident with dis-
play 114 in FIG. 1. (In the discussion that follows, the plane
of display 114 in FIG. 1 is sometimes referred to as the
‘viewing plane.”) In this case, frustum 200 extends behind the
plane of display 114 (FIG. 1). Because viewer perception of
stereopsis is high between 15 and 65 cm, and eventually
decays at larger distances away from viewer 122 (FIG. 1), the
far plane may define a practical limit to the number of vertices
that are computed by graphics engine 112 (FIG. 1). For
example, f may be twice n. In addition, as described further
below, by defining a finite space, the left-eye and right-eye
images may be scaled to enhance or maximize the depth
acuity resolved by viewer 122 (FIG. 1) for a given spatial
resolution in the input data and the viewing geometry in
graphical system 100 in FIG. 1 (which is sometimes referred
to as ‘stereopsis scaling’ or ‘stereo-acuity scaling’).

While the preceding example of the frustum used a vertical
display, in other embodiments display 114 (FIG. 1) may be
horizontal or may be at an incline. For example, in surgical
applications, display 114 (FIG. 1) may be placed on the floor.
As shown in FIGS. 3 and 4, which present drawings illustrat-
ing frustums 300 (FIG. 3) and 400, in these configurations the
frustums are rotated.

When the position of the head or the eyes of viewer 122
(FIG.1) are tracked in graphical system 100 in FIG. 1 (so that
the rendered left-eye and right-eye images can be modified
accordingly), the viewing plane may be placed approximately
in the Middle of the frustums to provide back-and-forth spa-
tial margin. This is illustrated by viewing planes 310 (FIG. 3)
and 410. Moreover, as shown in FIG. 3, the coordinates of the
vertices of viewing plane 310 may be left (i), right (+1), top
(+]), bottom (-j), and the z (depth) coordinate may be zero so
that the near plane is at z coordinate d and the eyes of viewer
122 (FIG. 1) are at z coordinate k. (In some embodiments, the
near plane is defined at the same z coordinate as the eyes of
viewer 122 in FIG. 1.) Based on these coordinates, the far-
plane coordinates can be determined using the perspective
projection factor P.

Note that, while the preceding example defined the frustum
based on the distance z from viewer 122 (FIG. 1) to display
114 (FIG. 1), in embodiments where the one or more optional
position sensors 116 (FIG. 1) track the gaze direction of
viewer 122 (FIG. 1), the frustum may be based on the focal
point of viewer (FIG. 1). Furthermore, while a viewing plane
was used as a reference in the preceding discussion, in some
embodiments multiple local planes (such as a set of tiled
planes) at different distances z from viewer 122 (FIG. 1) to
display 114 (FIG. 1) are used.

By multiplying the left-eye (or right-eye) frustum F by the
corresponding left-eye (or right-eye) view matrix V and the
model transformation matrix Mt, a 2D projection in the view-
ing plane of a 3D object can be determined for rendering as a
given left-eye (or right-eye) image. These operations may be
repeated for the other image to provide stereoscopic viewing.
As described further below with reference to FIG. 6, note that
when rendering these 2D projections, a surface may be
extracted for a collection of voxels or a volume rending may
be made based on ray tracing.

In order to enhance or maximize the depth acuity resolved
by viewer 122 in FIG. 1 (and, thus, to provide high-resolution
depth perception), the graphics engine 112 (FIG. 1) may
ensure that the geometric disparity between the left-eye and
the right-eye images remains between a minimum value that
viewer 122 (FIG. 1) can perceive (which is computed below)
and a maximum value (beyond which the human mind
merges the left-eye and the right-eye images and stereopsis is
not perceived). In principle, graphics engine 112 (FIG. 1) may
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scale the objects in the image(s) presented to viewer 122
(FIG. 1) in proportion to their focal distance z (which is
sometimes referred to as a ‘geometric perspective’), or may
have free control of the focal distance of viewer 122 (FIG. 1)
in order to accommodate all the objects viewer 122 (FIG. 1)
wants to observe. The latter option is what happens in the real
world. For example, when an individual focuses on a desk
and, thus, has accommodated to a short focal distance, he or
she can resolve depth with a precision of around 1 mm.
However, when the individual is outside and accommodates
to a longer focal distance, he or she can resolve depth with a
precision of around 8 cm.

In practice, because graphical system 100 (FIG. 1) imple-
ments stereoscopic viewing (which provides depth informa-
tion), it is not necessary to implement geometric perspective
(although, in some embodiments, geometric perspective is
used in graphical system 100 in FIG. 1 addition to image
parallax). Instead, in graphical system 100 (FIG. 1) objects
may be scaled in proportion to the distance z of viewer 122
(FIG. 1) from display 114 (FIG. 1). As described previously,
a range of distances z may occur and, based on the head-
tracking information, this range may be used to create the
frustum. In particular, after determining the 2D projection,
graphics engine 112 (FIG. 1) may scale a given object in the
image(s) presented to the viewer based on based on the view-
ing geometry (including the distance z) and a given spatial
resolution in the input data (such as the voxel spacing, the
discrete spacing between image slices, and/or, more gener-
ally, the discrete spatial sampling in the input data) in order to
enhance (and, ideally, to maximize or optimize) the depth
acuity. This stereopsis scaling may allow viewer 122 (FIG. 1)
to perceive depth information in the left-eye and the right-eye
images more readily, and in less time and with less effort (or
eye strain) for discretely sampled data. As such, the stereopsis
scaling may significantly improve the viewer experience and
may improve the ability of viewer 122 (FIG. 1) to perceive 3D
information when viewing the left-eye and the right-eye
images provided by graphical system 100 (FIG. 1).

Note that the stereopsis scaling may not be typically per-
formed in computer-aided design systems because these
approaches are often model-based which allows the resulting
images to readily incorporate geometric perspective for an
arbitrary-sized display. In addition, stereopsis scaling is typi-
cally not performed in 2.5D graphical systems because these
approaches often include markers having a predefined size in
the resulting images as comparative references.

FIG. 5 presents a drawing illustrating the calculation of the
stereopsis scaling for a given spatial resolution in the input
data and a given viewing geometry. In this drawing, ipd is the
interpupillary distance, z is the distance to the focal point of
viewer 122 (FIG. 1) (which, as noted previously, may be
replaced by the distance between viewer 122 and display 114
in FIG. 1 in embodiments where the head position of viewer
122 is tracked), dz is the delta in the z (depth) position of an
object to the focal point, L. is the left eye-position and R is the
right-eye position. Moreover, the geometric disparity dy may
be defined based on the difference in the angles o and [} times
L,ie.,

dy=L-(a-p)
This can be re-expressed as
_ lipd)-(da)

V= Rvz @y

Ifz is 400 mm, the ipd is 65 mm (on average) and dz is 1 mm,
the geometric disparity &y equals 4.052x10™* radians or
82.506 arcseconds. As noted previously, viewers have mini-
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mum and maximum values of the geometric disparity dy that
they can perceive. For a given distance z (which, as noted
previously, may be determined by tracking the head position
ofviewer 122 in FIG. 1), the scale of the objects in the left-eye
image and the right-eye image can be selected to enhance or
maximize the depth acuity based on

_ @ M

d.
< ipd

which defines the minimum dz needed for stereopsis. For
example, in the case of medical images, dz may be the voxel
spacing. (Note that, for an x spacing dx, a y spacing dy and a
7 spacing dz, the voxel size dv may be defined as

AV =dx+dy’+dz.)

Moreover, the minimum value of the geometric disparity dy
(which triggers stereopsis and defines the depth acuity) may
be 2-10 arcseconds (which, for 10 arcseconds, is 4.486x107>
radians) and the maximum value may be 600 arcseconds
(which, for 100 arcseconds, is 4.486x10™* radians). If the
average distance z from the viewer to display 114 (FIG. 1) is
0.5 m (an extremum of the 0.5-1.5 in range over which the
depth acuity is a linear function of distance z), the ipd equals
65 mm and the minimum value of the geometric disparity dy
is 10 arcseconds, the minimum dz,,, in Eqn. 1 to maintain
optimal depth acuity is 0.186 mm. Similarly, if the average
distance z is 0.5 m, the ipd equals 65 mm and the maximum
value of the geometric disparity dy is 100 arcseconds, the
maximum dz,,,. in Eqn. 1 to maintain optimal depth acuity is

max

1.86 mm. Defining the minimum scales,,,,, as

AZmin
dv

Smin =

and the maximum scale s, as

_ Az
dv ’

Smax =

and for an isometric 1 mm voxel resolution, the minimum
scales,,;, 15 0.186 and the maximum scaless,,, ... is 1.86. There-
fore, in this example the objects in left-eye and the right-eye
images can be scaled by a factor between 0.186 and 1.86
(depending on the average tracked distance z) to optimize the
depth acuity. Note that, in embodiments where the one or
more optional position sensors 116 (FIG. 1) track the gaze
direction of viewer 122 (FIG. 1), the stereopsis scaling may
be varied based on the focal point of viewer 122 (FIG. 1)
instead of the distance z from viewer 122 (FIG. 1) to display
114 (FIG. 1).

While the preceding example illustrated the stereopsis
scaling based on an average 0y and an average ipd, in some
embodiments the stereopsis scaling is based on an individu-
al’s &y and/or ipd. For example, viewer 122 (FIG. 1) may
provide either or both of these values to graphical system 100
(FIG. 1). Alternatively, graphical system 100 (FIG. 1) may
measure the dy and/or the ipd of viewer 122 (FIG. 1). The
stereopsis scaling is described further below with reference to
FIG. 15.

Graphical system 100 (FIG. 1) may also implement mono-
scopic depth cues in the rendered left-eye and right-eye
images. These monoscopic depth cues may provide a priori
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depth information based on the experience of viewer 122
(FIG. 1). Note that the monoscopic depth cues may comple-
ment the effect of image parallax and motion parallax in
triggering stereopsis. In particular, the monoscopic depth
cues may include: relative sizes/positions (or geometric per-
spective), lighting, shading, occlusion, textural gradients,
and/or depth cueing.

As noted previously, a geometric-perspective monoscopic
depth cue (which is sometimes referred to as a ‘rectilinear
perspective’ or a ‘photographic perspective’) may be based on
the experience of viewer 122 (FIG. 1) that the size of the
image of an object projected by the lens of the eye onto the
retina is larger when the object is closer and is smaller when
the object is further away. This reduced visibility of distant
object (for example, by expanding outward from a focal
point, which is related to the frustum) may define the rela-
tionship between foreground and background objects. If the
geometric perspective is exaggerated, or if there are perspec-
tive cues such as lines receding to a Vanishing point, the
apparent-depth of an image may be enhanced, which may
make the image easier to view. While geometric perspective is
not used in an exemplary embodiment of graphical system
100 (FIG. 1), in other embodiments geometric perspective
may be used to complement the stereopsis scaling because it
also enhances the stereopsis. For example, the frustum may
be used to scale objects based on their distance z from viewer
122 (FIG. 1).

A lighting monoscopic depth cue may be based on the
experience of viewer 122 (FIG. 1) that bright objects or
objects with bright colors appear to be nearer than dim or
darkly colored objects. In addition, the relative positions of
proximate objects may be perceived by viewer 122 (FIG. 1)
based on how light goes through the presented scene (e.g.,
solid objects versus non-solid objects). This monoscopic
depth cue may be implemented by defining the position of a
light source, defining transfer functions of the objects, and
using the frustum. A similar monoscopic depth cue is depth
cueing, in which the intensity of an object is proportional to
the distance from viewer 122 in FIG. 1 (which may also be
implemented using the frustum).

Shading may provide a related monoscopic depth cue
because shadows cast by an object can make the object appear
to be resting on a surface. Note that both lighting and shading
may be dependent on a priori knowledge of viewer 122 (FIG.
1) because they involve viewer 122 (FIG. 1) understanding
the light-source position (or the direction of the light) and
how shadows in the scene will vary based on the light-source
position.

Occlusion (or interposition) may provide a monoscopic
depth cue based on the experience of viewer 122 (FIG. 1) that
objects that are in front of others will occlude the objects that
behind them. Once again, this effect may be dependent on a
priori knowledge of viewer 122 (FIG. 1). Note that lighting,
shading and occlusion may also define and interact with
motion parallax based on how objects are positioned relative
to one another as viewer 122 (FIG. 1) moves relative to
display 114 (FIG. 1). For example, the focal point of the light
illuminating the object in a scene may change with motion
and this change may be reflected in the lighting and the
shading (similar to what occurs when an individual is moving
in sunlight). Furthermore, the occlusion may be varied in a
manner that is consistent with motion of viewer 122 (FIG. 1).

As described previously, the transfer functions that may be
used to implement occlusion may be defined in graphical
system 100 (FIG. 1) prior to graphics engine 112 in FIG. 1
(for example, by data engine 110 in FIG. 1). The transfer
functions for objects may be used to modify the greyscale
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intensity of a given object after the projection on to the 2D
viewing plane. In particular, during the projection on to the
2D-viewing-plane the average, maximum or minimum grey-
scale intensity projected into a given voxel may be used, and
then may be modified by one or more transfer functions. For
example, three sequential voxels in depth may have intensi-
ties of 50 to 100, =50 to 50, and —1000 to -50. These inten-
sities may be modified according to a transfer function in
which: greyscale values between 50 and 100 may have 0%
intensity; greyscale values between —50 to 50 may have 100%
intensity; and greyscale values between —1000 to —50 may
have 50% intensity. In this way, the perspective may empha-
size the second voxel and, to a lesser extent, the third voxel. In
another example, transfer functions may be used to illustrate
blood so that blood vessels appear filled up in the stereoscopic
images, or to hide blood so that blood vessels appear open in
the stereoscopic images.

Textural gradients for certain surfaces may also provide a
monoscopic depth cue based on the experience of viewer 122
(FIG. 1) that the texture of a material in an object; like a grassy
lawn or the tweed of a jacket, is more apparent when the
object is closer. Therefore, variation in the perceived texture
of'a surface may allow viewer 122 (FIG. 1) to determine near
versus far surfaces.

Computer System

FIG. 6 presents a drawing of a computer system 600 that
implements at least a portion of graphical system 100 (FIG.
1). This computer system includes one or more processing
units or processors 610, a communication interface 612, a
user interface 614, and one or more signal lines 622 coupling
these components together. Note that the one or more proces-
sors 610 may support parallel processing and/or multi-
threaded operation, the communication interface 612 may
have a persistent communication connection, and the one or
more signal lines 622 may constitute a communication bus.
Moreover, the user interface 614 may include: a display 114,
akeyboard 618, and/or an optional interaction tool 120 (such
as a stylus, a pointer a mouse and/or a sensor or module that
detects displacement of one or more of the user’s fingers
and/or hands).

Memory 624 in computer system 600 may include volatile
memory and/or non-volatile memory. More specifically,
memory 624 may include: ROM, RAM, EPROM, EEPROM,
flash memory, one or more smart cards, one or more magnetic
disc storage devices, and/or one or more optical storage
devices. Memory 624 may store an operating system 626 that
includes procedures (or a set of instructions) for handling
various basic system services for performing hardware-de-
pendent tasks. Memory 624 may also store procedures (or a
set of instructions) in a communication module 628. These
communication procedures may be used for communicating
with one or more computers and/or servers, including com-
puters and/or servers that are remotely located with respect to
computer system 600.

Memory 624 may also include multiple program modules
(or sets of instructions), including: initialization module 630
(or a set of instructions), data module 632 (or a set of instruc-
tions) corresponding to data engine 110 (FIG. 1), graphics
module 634 (or a set of instructions) corresponding to graph-
ics engine 112 (FIG. 1), tracking module 636 (or a set of
instructions) corresponding to tool engine 118 (FIG. 1), and/
or encryption module 638 (or a set of instructions). Note that
one or more of these program modules (or sets of instructions)
may constitute a computer-program mechanism. These pro-
gram modules may be used to perform or implement: initial-
ization, object identification and segmentation, virtual instru-
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ments, prehension and motion parallax, as well as the image
processing rendering operations described previously.
Initialization

During operation, initialization module 630 may define
parameters for image parallax and motion parallax. In par-
ticular, initialization module 630 may initialize a position of
a camera in display 114 in a monoscopic view matrix by
setting a position equal to the offset d between the viewing
plane and the near plane of the frustum. (Alternatively, there
may be a camera in optional interaction tool 120 that can be
used to define the perspective. This may be useful in surgical
planning.) For example, the offset d may be 1 ft or 0.3 m.
Moreover, the focal point (0, 0, 0) may be defined as the center
of'the (x, v, z) plane and the +y axis may be defined as the ‘up’
direction.

Furthermore, the near and far planes in the frustum may be
defined relative to the camera (for example, the near plane
may be at 0.1 m and the far plane may be between 1.5-10 m),
the right and left planes may be specified by the width in size
126 (FIG. 1) of display 114, and the top and bottom planes
may be specified by the height in size 126 (FIG. 1) of display
114. Initialization module 630 may also define the interpu-
pillary distance ipd equal to a value between 62 and 65 mm (in
general, the ipd may vary between 55 and 72 mm). Addition-
ally, initialization module 630 may define the display rotation
angle 0 (for example, 6 may be 30°, where horizontal in 0°)
and may initialize a system timer (sT) as well as tracking
module 636 (which monitors the head position of viewer 122
in FIG. 1, the position of optional interaction tool 120, and
which may monitor the gaze direction of viewer 122 in FIG.
1).

Then, initialization module 630 may perform prehension
initialization. In particular, start and end points of optional
interaction tool 120 may be defined. The start point may be at
(0, 0, 0) and the end point may be at (0, 0, tool length), where
tool length may be 15 cm.

Next, the current (prehension) position of optional interac-
tion tool 120 (PresPh) may be defined, with a corresponding
model matrix defined as an identity matrix. Moreover, a past
(prehension) position of optional interaction tool 120
(PastPh) may be defined with a corresponding model matrix
defined as an identity matrix. Note that prehension history of
position and orientation of optional interaction tool 120 can
be used to provide a video of optional interaction tool 120
movements, which may be useful in surgical planning.

In addition, initialization module 630 may initialize mono-
scopic depth cues. In some embodiments, a plane 25-30%
larger than the area of display 114 is used to avoid edge effects
and to facilitate the stereopsis scaling described previously. In
some embodiments, the stereopsis scaling is adapted for a
particular viewer based on factors such as: age, the wave-
length of light in display 114, sex, the display intensity, etc.
Moreover, the monoscopic depth-cue perspective may be set
to the horizontal plane (0, 0, 0), and the monoscopic depth-
cue lighting may be defined at the same position and direction
as the camera in the view matrix.

Object Identification and Segmentation

After the initialization is complete, data module 632 and
graphics module 634 may define or may receive information
from the user specifying: segments 642, optional transfer
functions 644, reference features 646 and objects 648 in data
640. These operations are illustrated in FIG. 7, which presents
a drawing illustrating a pipeline 700 performed by computer
system 600 in FIG. 6. In particular, data 640 in FIG. 6 may
include a DICOM directory with multiple DICOM images
(i.e., source image data from one or more imaging devices),
such as a series of 2D images that together depict a volumetric
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space that contains the anatomy of interest. Data module 632
in FIG. 6 may parse DICOM labels or tags associated with the
DICOM images so that a number of images in the series are
extracted along with their associated origin coordinate, ori-
entation and voxel x, y and z spacing. (Note that, in general,
data 640 may be isometric or non-isometric, i.e., dx, dy and dz
may be the same or may be different from each other.) Then,
each image of the series is loaded according to its series
number and compiled as a single 3D collection of voxels,
which includes one of more 3D objects 648 in FIG. 6 (and is
sometimes referred to as a ‘DICOM image object’ or a ‘clini-
cal object’).

Next, data module 632 may dimensionally scale (as
opposed to the stereopsis scaling) the DICOM image object.
For example, data module 632 may scale all the x voxels by
multiplying their spacing value by 0.001 to assure the dimen-
sions are in millimeters. Similarly, data module 632 may scale
all the y voxels and all the z voxels, respectively, by multi-
plying their spacing values by 0.001 to assure the dimensions
are in millimeters. This dimensional scaling may ensure that
the voxels have the correct dimensions for tracking and dis-
play.

Furthermore, data module 632 may map the DICOM
image object on to a plane with its scaled dimensions (i.e., the
number of x voxels and the number of y voxels) and may be
assigned a model matrix with its original orientation and
origin. In some embodiments, graphics engine 634 in FIG. 6
optionally displays a stack of images (which is sometimes
referred to as a ‘DICOM image stack’) corresponding to the
DICOM image object in the plane.

Subsequently, via iterative interaction with graphics
engine 634 and/or the user, data module 632 may aggregate or
define several object lists that are stored in reference features
646 in F1G. 6. These object lists may include arrays of objects
648 that specify a scene, virtual instruments (or ‘virtual
instrument objects), or clinical objects (such as the DICOM
image object), and may be used by graphics engine 634 to
generate and render stereoscopic images (as described previ-
ously). A ‘scene’ includes 3D objects that delimit the visible
open 3D space. For example, a scene may include a horizontal
plane that defines the surface work plane on which all 3D
objects in the DICOM image object are placed. Moreover,
‘virtual instruments’ may be a collection of 3D objects that
define a specific way of interacting with any clinical target,
clinical anatomy or clinical field. In particular, a virtual
instrument includes: a ‘representation’ that is the basic 3D
objectelements (e.g., points, lines, planes) including a control
variable; and an ‘instrument’ that implements the interaction
operations based on its control variables to its assigned clini-
cal target, clinical anatomy or clinical field. Note that a “clini-
cal field’ may be a clinical object that defines a region within
the DICOM image object that contains the anatomy of inter-
est; ‘clinical anatomy’ may be a clinical object that defines the
organ or tissue that is to be evaluated; and a ‘clinical target’
may be a clinical object that defines the region of interest of
anatomy that is the candidate to be diagnosed or evaluated.
(Clinical fields, clinical anatomy and clinical targets may be
determined by the user and/or data module 632 during a
segmentation process, which is described further below) Note
that, in some embodiments, a virtual instrument includes a
software-extension of optional interaction tool 120 which can
perform specific interaction tasks or operations. Furthermore,
note that the user: cannot interact with scenes; may only be
able to interact with virtual instruments through their control
variables; and may have free interaction with clinical objects.

During iterative interaction, data module 632 may perform
image processing on the DICOM image object to identify
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different levels of organ or tissue of interest. In particular, for
the clinical field, the DICOM image object may be processed
to identify different tissue classes (such as organ segments,
vessels, etc.) as binary 3D collections of voxels based on the
voxel values, as well as the boundaries between them. In the
discussion that follows, a probability-mapping technique is
used to identify the tissue classes. However, in other embodi-
ments, different techniques may be used, such as: a watershed
technique, a region-growing-from-seeds technique, or a
level-set technique.

In the probability-mapping technique, a probability map
(P)is generated using a 3D image with the same size as one of
the DICOM images. The values of P may be the (estimated)
probability of voxels being inside, outside and at the edge of
the organ of interest. For each voxel, P may be obtained by
computing three (or more) probabilities of belonging to tissue
classes of interest, such as: voxels inside the organ (tissue
class wl), voxels outside the organ (tissue class w2), and
voxels at the interface between organs (tissue class w3). For a
given voxel, P may be determined from the maximum ofthese
three probabilities. Note that each probability may be calcu-
lated using a cumulative distribution function, e.g.,

1 X—X, 1
Fx, x5, y)= ;.arctan( )+ 3

where x,, is the density of the tissue class, x is the density of
the tested voxel, and y is a scale parameter of the distribution
or the half-width at half-maximum.

The voxels at the interface between the tissue classes may
be calculated for a neighborhood of voxels as being part of
tissue class wl or tissue class w2, and then averaging the
result. Pseudo-code for this calculation for an omni-direc-
tional configuration with 27 neighboring voxels is shown in
Table 1.

TABLE 1

for each vozxel (%, y, z) do
sum=0;
fori=-1to1do
forj=-1to1ldo
fork=-1to1do
sum +=P(wlj(x+ 1,y +j,z+k));
sum +=P(W2j(x+ L,y +j,z+ k));
end;
end;
end;
P(w3j(x, v, z)) = sum/27;
end

Additionally, during the iterative interaction data module
632 may perform image processing on the DICOM image
object to identify the clinical anatomy. In particular, using the
organ binary mask a ray-casting technique can be applied to
generate a volume image of the organ of interest, such as the
liver or another solid organ. Furthermore, using the bound-
ary-voxel mask, a surface can be generated of the tissue using
a marching-cube technique, such as the surface of a vessel
(e.g., the large intestine or an artery). Note that other surfaces
or ray-casting volumes can be generated from the segmented
data.

In an exemplary embodiment, the determined clinical field
may be the chest, the clinical anatomy may be the aorta, and
the clinical target may be the aortic valve. Alternatively, the
clinical field may be the abdomen, the clinical anatomy may
be the colon, and the clinical target may be the one or more
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After the image processing, data module 632 may perform
the segmentation process (including data-structure process-
ing and linking) to identify landmarks and region-of-interest
parameters. The objective of the segmentation process is to
identify functional regions of the clinical anatomy to be
evaluated. This may be accomplished by an articulated
model, which includes piecewise rigid parts for the anatomi-
cal segments coupled by joints, to represent the clinical
anatomy. The resulting segments 642 in FIG. 6 may each
include: a proximal point (S) location specified by the
DICOM image-voxel index coordinate (i;, j;, k;); a distal
point (D) location specified by the DICOM image-voxel
index coordinate (i, j,, k,); a central point (C) location speci-
fied by the DICOM image-voxel index coordinate (i, j5, k3),
which may be the half point of the Fuclidean distance
between S and D; image-voxel index bounds (B) of the region
of interest surrounding the central point including the proxi-
mal and distal points (i,,,;,15 Ly Jmises Jmeass Kotz Kmaoe); @0 the
corresponding world X, y, z coordinates of the central point
and the region bounds locations calculated by accounting for
the x, y, z voxel spacing of the source DICOM image. In
general, segments 642 may be determined using an interac-
tive segmentation technique with the user and/or a computer-
implemented segmentation technique.

In the interactive segmentation technique, the user may
select or specify n voxel index locations from the clinical
field, which may be used to define the central points (Cs).
Then, a 3D Voronoi map (and, more generally, a Euclidean-
distance map) may determine regions around each of the
selected index locations. For each of the Voronoi regions and
each of the n voxel indexes, data module 632 may obtain: the
minimum voxel index along the x axis of the DICOM image
(i,,;,); the maximum voxel index along the x axis of the
DICOM image (i,,,,); the minimum voxel index along the y
axis of the DICOM image (j,,,;,,); the maximum voxel index
along the y axis of the DICOM image (j,,,,); the minimum
voxel index along the z axis of the DICOM image (k,,,,,), and
the maximum voxel index along the z axis of the DICOM
image (k,,,.). Next, data module 632 may define: the proxi-
mal S point as 1,,,,,, Jin Knurs and the distal D point as i, ,
Tmas Kmar- Moreover, data module 632 may generate a list of
3D objects (such as anatomical segments) of the clinical
anatomy based on these values and may add these 3D objects
to the object list of clinical objects in reference features 646
for use by graphics module 634.

The computer-implemented segmentation technique is
illustrated in FIG. 8. Initially, a centerline may be calculated
across the clinical field or the clinical anatomy of interest
resulting in a rooted-tree or graph (with a hierarchical
arrangement of nodes and branches) centerline structure,
each of which represents anatomical segment (which may be
delimited by two edges). Note that each of the anatomical
segments is enclosed by a bounding box, which is aligned
with the vector connecting the proximal S and the distal D
points of the centerline.

For each of the anatomical segments, data module 632 may
determine three vectors: vector A (Va) based on (D-S), vector
B (Vb, not shown) based on the cross product of the vector
along (0, 1, 0) with Va, and vector C(Vc) based on the cross
product of Va with Vb.

As shown in FIG. 9, presents a drawing illustrating seg-
mentation, then each anatomical segment may be evaluated as
a sampled centerline, where each sample point of the center-
line is associated with a radius b (Rb, not shown) and a radius
¢ (Rc) along the corresponding vectors Vb and Vc. Each of
these radii is equal to the distance from the centerline sample
point to the edge of the segmented anatomy.
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Next, the dimensions of the bounding box may be calcu-
lated. The height may be the Euclidean length of Va plus the
radii (Rb, Rc) associated with the two endpoints. The width
may be twice the sum of the distance of the centerline point
farthest from Va along Vb (Db, not shown) plus the radius Rb.
And the depth may be twice the sum of the distance of the
centerline point farthest from the Va along V¢ (Dc) plus the
radius Re.

In FIG. 8, note that Vb (not shown) is perpendicular to Va
and V¢ and points out of the plane of the figure. Moreover, in
FIG. 9, Rb (not shown) is perpendicular to Va and Vc and
points out of the plane of the figure.

A natural kinematic constraint that the proximal point of a
child anatomical segment must coincide with the distal point
of'the parent may be assumed for each parent-child pair. With
this constraint, the configuration of the anatomical segments
may be fully described by the individual anatomical-segment
parts. As shown in FIG. 10, which illustrates the anatomical
segments and their associated bounding boxes for the aorta,
the resulting topology of the anatomical segments may be a
rooted tree that is identical to the topology of the anatomical
field, where the anatomical segments correspond to nodes and
the kinematic constraints on the joints correspond to edges
added to the anatomical field.

In order to approximate the geometry of an anatomical
segment, the shape of bounding boxes may be kept thin. In
particular, if the aspect ratio (width-depth)/height of the
bounding box corresponding to an anatomical segment is
greater than a threshold (such as 0.25 or 0.3), the segment may
be subdivided into two nodes and an edge. Then, new bound-
ing boxes may be computed for the two subdivided anatomi-
cal segments. In this way, the tree-structured articulated
model may be iteratively constructed in a data-dependent
manner. FIG. 11 shows the resulting anatomical segments and
associated sub-divided bounding boxes. As summarized in
Table 2, this tree-structured articulated model has root ana-
tomical segments, with daughter or child branches with one
or more anatomical segments. Extensible mark-up language
pseudo-code for a data structure corresponding to a tree-
structured articulated model is shown in Table 3.

TABLE 2

Root anatomical segment
Anatomical segment 1
Anatomical segment 2
Branch 1
Anatomical segment 1
Anatomical segment 2
Anatomical segment 3
Branch 2
Anatomical segment 1
Anatomical segment 2
Branch 3
Anatomical segment 1
Branch 4
Anatomical segment 1
Branch 5
Anatomical segment 1
Branch 6
Anatomical segment 1
Branch 7
Anatomical segment 1
Anatomical segment 4

TABLE 3

<?xml version="1.0" encoding="UTF-8”?>
<Anatomy id="Aorta”>
<root>
<segment><!-- 1 -->
<s>root-s1</s>
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TABLE 3-continued

<d>root-d1</d>
<bounds>
<imin>min</imin>
<imax>imax</imax>
<jmin>min</jmin>
<jmax>jmax</jmax>
<kmin>kmin</kmin>
<kmax>kmax</kmax>
</bounds>
<center>root-c1</center>
</segment>
<segment><!-- 2 -->
<s>root-s2</s>
<d>root-d2</d>
<bounds>
<imin>min</imin>
<imax>imax</imax>
<jmin>min</jmin>
<jmax>jmax</jmax>
<kmin>kmin</kmin>
<kmax>kmax</kmax>
</bounds>
<center>root-c2</center>
<branch><!-- Branch 1/ 2 segments -->
<segment>
<s>branchl-s1</s>
<d>branchl-d1</d>
<bounds>
<imin>imin</imin>
<imax>imax</imax>
<jmin>jmin</jmin>
<jmax>jmax</jmax>
<kmin>kmin</kmin>
<kmax>kmax-</kmax>
</bounds>
<center>branchl-c1</center>
</segment>

Once the segmentation is completed, a list of 3D objects
(the anatomical segments) of the clinical anatomy defined by
the data structures is generated and added to the list of clinical
objects in reference features 646 for use by graphics module
634.

In an exemplary embodiment, using the interactive or the
computer-based segmentation technique, the surface of the
colon may be a single object or may be sub-divided into six
segments or more. Depending on the tortuosity of the colon,
this calculation may involve up to 13 iterations in order to
obtain segments with the desired aspect ratios. Alternatively,
anartery or a vein may be rendered as one or more objects that
represents multiple subsets of a volume.

As described further below with reference to FIG. 17, the
articulated model may facilitate: fast extraction of regions of
interest, reduced storage requirements (because anatomical
features may be described using a subset of the DICOM
images or annotations within the DICOM images), faster
generating and rendering of True 3D stereoscopic images
with motion parallax and/or prehension, and a lower cost for
the graphical system.

Virtual Instruments

As described previously in the discussion of image pro-
cessing and rendering operations, graphics module 634 may
generate 3D stereoscopic images. Furthermore, prior to ren-
dering these 3D stereoscopic images and providing them to
display 114, stereopsis scaling may be performed to enhance
or optimize the stereo acuity of the user based on the maxi-
mum and minimum scale factors (i.e., the range of scaling)
that can be applied to the anatomical segments dz,,,, and
dz,,,.. During the rendering, once the anatomy has been
adequately segmented and linked, graphics module 634 may
also implement interaction using one or more virtual instru-
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ments. For example, a virtual instrument may allow the user
to navigate the body parts, and to focus on and to evaluate a
segment of a patient’s anatomy, allowing the user to optimize
workflow.

Each virtual instrument includes: a ‘representation’ which
is the basic object elements (points, lines, planes, other 3D
objects, etc.) including a control variable; and an ‘instrument’
which implements the interaction operations based on its
control variables to its assigned clinical target, clinical
anatomy or clinical field. While a wide variety of virtual
instruments can be defined (such as a pointer or a wedge), in
the discussion that follows a dissection cut plane, a bookmark
to aregion of interest, a problem-solving tool that combines a
3D view with a 2D cross-section, and an ‘intuitive 2D’
approach that allows the viewer to scroll through an array of
2D images using stylus are used as illustrative examples.

For the cut-plane virtual instrument, the representation
includes: an origin point (Origin) that defines an originx_, y,,
7., position of the cut plane; point 1 that, in conjunction with
the origin point, defines axis 1 (a,) of the cut plane; and point
2 that, in conjunction with the origin point, defines axis 2 (a,)
of the cut plane. The normal to the cut plane points in the
direction of the cross product of a;, and a,. Moreover, the
center point (Center Point) is the control point of the cut
plane. In particular,

Center[x]=Origin[x,]+0.5(a  /x]+a>/x]),

Center[y]=Origin[y,]+0.5(a  [y/+a>/¥]),

and

Center[z]=Origin[z,]+0.5(a /z]+a>/z]).

The user can control the cut plane by interacting with the
center point, and can translate and rotate the cut plane using
optional interaction tool 120 in FIG. 6. For example, the user
can control a cut plane to uncover underlying anatomical
features, thereby allowing the rest of the anatomical segment
to be brought into view by rotating the anatomical segment.
Note that the cut plane may modify the bounding-box coor-
dinates of the anatomical segment by identifying the intersec-
tion points of the cut plane to the bounding box in the direc-
tion of the normal of the cut plane.

For the bookmark virtual instrument, the representation
includes: point 1 that defines X,,,,,,, Vs> @0d Z,,,,,,; point 2 that
defines X,,, ., Vyax a0d Z,.... The bookmark may be specified
by the center point and the bounds of the boX (X,,,;,,» X,uxs Y ines
Y omans Zmins Zmax)- Moreover, the center point (Center Point) is
the control point of the region of interest; In particular,

Center[¥]=0.5(X =X min)»

Center[3/=0.50jna—Vimin)»

and

Center[z/=0.5(z,

max—Zmin)*

The user can control the bookmark by placing it at a center
point of any clinical object with a box size equal to 1, or by
placing a second point to define a volumetric region of inter-
est. When the volumetric region of interest is placed, that
region can be copied for further analysis. Note that using a
bookmark, the user can specify a clinical target that can be
added to the object list of clinical object for use by graphics
module 634.

For the problem-solving virtual instrument, the represen-
tation combines a bookmark to a 3D region of interest and a
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cut plane for the associated 2D projection or cross-section.
This representation is summarized in Table 4.

TABLE 4

2D Cross-Section 3D Region of Interest

The origin point defines the Point 1 defines X,,.5,, Vi A0 Z,p50,-
position of a cut plane Point 2 defines X5 Yymax 80d Zgn-
(Xo» Yo» Zo)- The bookmark is defined by the

Point 1 defines axis 1 (a,) of
the cut plane.

Point 2 defines axis 2 (a,) of
the cut plane.

The normal to the cut plane
points in the direction of the
cross product of a; with a,.
The center point is the control
point of the cut plane.

center point and the bounds of the

DOX (Xpins Xymaxs Yomins Yomaos Zrmins L)
The center point is the control point.

The user can control the problem-solving virtual instru-
ment to recall a bookmarked clinical target or a selected
region of interest of a 3D object and can interact with its
center point. In this case, the surface of the 3D object may be
transparent (as specified by one of optional transfer functions
644 in FIG. 6). The 2D cross-section is specified by a cut
plane (defined by the origin, point 1 and point 2) that maps the
corresponding 2D DICOM image of the cut plane within the
region of interest. By interacting with the 2D cross-section
center point, the user can determine the optimal 2D cross
section image of a particular clinical target. Note that the
problem-solving virtual instrument allows the user to
dynamically interact with the 3D stereoscopic image and at
least one 2D projection. As the user interacts with objects in
these images, the displayed images may be dynamically
updated. Furthermore, instead of merely rotating an object,
the user may be able to ‘look around’ (i.e., motion parallax in
which the object rotates in the opposite direction to the rota-
tion of the user relative to the object), so that they can observe
behind an object, and concurrently can observe the correct 2D
projection.

This operation of the problem-solving virtual instrument is
illustrated in FIGS. 12A-C, which shows the display of a 3D
stereoscopic image and 2D projections side by side (such as
on display 114 in FIGS. 1 and 6). When the user moves,
changes their viewing direction or perspective and/or inter-
acts with the object (in this case a rectangular cube) in the 3D
stereoscopic image, graphics module 634 in FIG. 6 dynami-
cally updates the 2D projection. This may allow the user to
look around the object (as opposed to rotating it along a fixed
axis). Moreover, by providing accurate and related 2D and 3D
images, the problem-solving virtual instrument may allow a
physician to leverage their existing training and approach for
interpreting 2D images when simultaneously viewing 3D
images. This capability is described further below with ref-
erence to FIG. 18.

The intuitive 2D virtual instrument presents a 2D image
that is displayed as the viewer scrolls through an array of 2D
images using a stylus (and, more generally, the optional inter-
action tool) or a scroll bar. This virtual instrument can
improve intuitive understanding of the 2D images.

The intuitive 2D virtual instrument uses a 3D volumetric
image or dataset that includes the 2D images. These 2D
images include a collection of voxels that describe a volume,
where each voxel has an associated 4x4 model matrix. More-
over, the representation for the intuitive 2D virtual instrument
is a fixed cut plane, which specifies the presented 2D image
(i.e., voxels in the dataset that are within the plane of inter-
action with the cut plane). The presented 2D image is at
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position (for example, an axial position) with a predefined
center (X, y, z position) and bounds (x,,,,, X
Zoins Zmax)- Lh€ cUt plane, which has a 4x4 rotation matrix
with a scale of one, is a two-dimensional surface that is
perpendicular to its rotation matrix. Note that the cut plane
can be defined by: the origin of the cut plane (which is at the
center of the presented 2D image), the normal to the current
plane (which is the normal orientation of the presented 2D
image), and/or the normal matrix N of the reference model
matrix M for the presented 2D image (which defines the
dimensions, scale and origin for all of the voxels in the pre-
sented 2D image), where N is defined as the transpose (in-
verse(M)). Another way to define the cut plane is by using the
forward (pF) and backward point (pB) of the stylus or the
optional interaction tool. By normalizing the interaction-tool
vector, which is defined as

max? ymi}’l’ ymax’

pF —pB
|pF — pB|’

normal of the cut plane is specified, and the forward point of
the stylus of the optional interaction tool specifies the center
of the cut plane.

In the intuitive 2D virtual instrument, the normal of the cut
plane defines the view direction in which anything behind the
cut plane can be seen by suitable manipulation or interaction
with the cut plane, while anything in front of the cut plane
cannot be seen. Because the dataset for the intuitive 2D virtual
instrument only includes image data (e.g., texture values)
only the voxel values on the cut plane are displayed. There-
fore, transfer functions and segmentation are not used with
the intuitive 2D virtual instrument.

By translating/rotating the cut plane using the stylus (or the
scroll bar), the viewer can display different oblique 2D image
planes (i.e., different 2D slices or cross-sections in the
dataset). If the viewer twists their wrist, the intuitive 2D
virtual instrument modifies the presented 2D image (in a
perpendicular plane to the stylus direction). In addition, using
the stylus the viewer can go through axial, saginal or coronal
views in sequence. The viewer can point to a pixel on the cut
plane and can push it forward to the front.

During interaction with the viewer, for the cut plane the
intuitive 2D virtual instrument uses the stylus coordinates to
perform the operations of: calculating a translation matrix
(Tr) between the past and present position; calculating the
rotation (Rm) between the past and present position; calcu-
lating the transformation matrix (Tm) equal to -Tr-Rm-Tr;
and applying the transformation to the reference model
matrix. Thus, the cut plane is only rotated, while translations
forward or backward in the slides are canceled out. Similarly,
for the presented 2D image, the intuitive 2D virtual instru-
ment uses the stylus coordinates to perform the operations of:
calculating a translation matrix (Tr) between the past and
present position; calculating the rotation (Rm) between the
past and present position; calculating the transformation
matrix (Tm) equal to Rm-(~Tr); and applying the transforma-
tion to the reference model matrix. Thus, the presented 2D
image includes translations (moving forward or backward in
the slides) and includes a 2D slice at an arbitrary angle with
respect to fixed (or predefined) 2D data slices based on
manipulations in the plane of the cut plane.

The interaction is illustrated in FIG. 13, which shows the
cut plane and the presented 2D image side by side (such as on
display 114 in FIGS. 1 and 6) for the intuitive 2D virtual
instrument. (In addition, non-visible 2D images surrounding
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the presented 2D image are illustrated in FIG. 13 using
dashed lines.) Based on manipulation of the stylus by the
viewer (which can include rotations and/or translations), the
cut plane is rotated, while the presented 2D image is trans-
lated and/or rotated to uncover voxels.

Prehension and Motion Parallax

Referring back to FIG. 6, tracking module 636 may track
the position of optional interaction tool 120, for example,
using one or more optional position sensors 116. The result-
ing tracking information 650 may be used to update the posi-
tion of optional interaction tool 120 (e.g., PastPh equals Pre-
sPh, and PresPh equals the current position of optional
interaction tool 120). Graphics module 634 may use the
revised position of the optional interaction tool 120 to gener-
ate a revised transformation model matrix for optional inter-
action tool 120 in model matrices 652.

Next, tracking module 636 may test if optional interaction
tool 120 is touching or interfacing with one of objects 648
shown in display 114 (note, however, that in some embodi-
ments viewer 122 in FIG. 1 cannot interact with some of
reference features 646 using optional interaction tool 120). If
yes, the position and orientation of optional interaction tool
120 may be modified, with a commensurate impact on the
transformation model matrix in model matrices 652 for
optional interaction tool 120. In particular, the translation to
be applied to the one of objects 648 (Delta Vector) may be
determined based on the x, y and z position of the tool tip
(ToolTip) (which is specified by PresPh) and the x, y and z
position where optional interaction tool 120 touches the one
of objects 648 (ContactPoint) using

DeltaVector[x]=ToolTip[x]-ContactPoint[x/,
DeltaVector[y]=ToolTip[y]-ContactPoint[y/,
and

DeltaVector[z]=ToolTip[z]-ContactPoint[z/.

The rotation to be applied may be determined using a local
variable (in the form of a 4x4 matrix) called ROT. Initially,
ROT may be an identity matrix. The rotation elements of ROT
may be determined by matrix multiplying the rotation ele-
ments specified by PresPh and the rotation elements specified
by PastPh. Then, the following transformation operations are
concatenated and applied to the model matrix of the one of
objects 648 using a local 4x4 matrix T (which initially
includes all 16 elements in the current model matrix: translate
T to the negative of the center position of the one of objects
648 (—Center[x], —Center[y], —Center|z]) to eliminate inter-
action jitter; rotate T by ROT; translate T to the object center
(Center[x], Center|y], Center[z]) to eliminate interaction jit-
ter; and translate T to Delta Vector (DeltaVector[x], DeltaVec-
tor[y], DeltaVector|z]). Next, the model matrix is replaced
with the T matrix.

Note that calculations related to the position of optional
interaction tool 120 may occur every 15 ms or faster so that
prehension related to optional interaction tool 120 is updated
at least 66.67 times per second.

Moreover, tracking module 636 may track the head posi-
tion of viewer 122 (FIG. 1), for example, using one or more
optional position sensors 116. Updates to head-position infor-
mation 654 may be applied by graphics module 634 to the
virtual space and used to render left-eye and right-eye images
fordisplay ondisplay 114. In particular, the inverse of left-eye
view matrix 656 may be revised by: translating the object
relative to the position coordinate of the camera (the mono-
scopic view matrix V, that is located at the center of display
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114); rotating by 690° (which specifies a normal to an
inclined display); and translating to the eye of the viewer 122
in FIG. 1 by taking away the original offset d; translating to
the current head position and translating left to 0.5 ipd. Thus,

—ip

dOO
4 10)

Similarly, left-eye frustum 658 may be revised by: translating
to the current head position relative to the offset k (shown in
FIGS. 3 and 4) between the eyes of viewer 122 in FIG. 1 and
the viewing plane; and translating left to 0.5 ipd. Thus,

Vigh e = Vo' - RW(8 = 90°) - Tv(—d)- Tv(head_positior) - Tv(

—ipd
7 0, 0).

Flefi eye = Tv(0, 0, k) - Tv(head_position) - Tv(

These operations may be repeated for the right eye to
calculate right-eye view matrix 660 and right-eye frustum
662, i.c.,

—ipd
Vikie e = Vo' - RV = 90°) - To(~d) - Tv(head_position) - Tv( lzp .0, 0].
or
. —ipd
Flright_eye = TV(0, 0, k) - Tv(head_position) - TV( 7 0, 0].

Using the left-eye and the right-eye view and frustum
matrices 656-662, graphics module 634 may determine left-
eye image 664 for a given transformation model matrix Mt in
model matrices 652 based on

Mt Vigs epe Fresi_epes

and may determine right-eye image 666 for the given trans-
formation model matrix Mt based on

Mt-V,

right_eye’

F

right__eye®

After applying monoscopic depth cues 668, graphics mod-
ule 634 may display left-eye and right-eye images 666 and
668 on display 114. Note that calculations related to the head
position may occur at least every 50-100 ms, and the rendered
images may be displayed on display 114 at a frequency of at
least 60 Hz for each eye.

In general, objects are presented in the rendered images on
display 114 with image parallax. However, in an exemplary
embodiment the object corresponding to optional interaction
tool 120 on display 114 is not be represented with image
parallax.

Therefore computer system 600 may implement a data-
centric approach (as opposed to a model-centric approach) to
generate left-eye and right-eye images 664 and 666 with
enhanced (or optimal) depth acuity for discrete-sampling
data. However, in other embodiments the imaging technique
may be applied to continuous-valued or analog data. For
example, data module 632 may interpolate between discrete
samples in data 640. This interpolation (such as minimum
bandwidth interpolation) may be used to resample data 640
and/or to generate continuous-valued data.

While the preceding discussion illustrated left-eye and
right-eye frustums with near and far (clip) planes that can
cause an object to drop out of left-eye and right-eye images
664 and 666 if viewer 122 (FIG. 1) moves far enough away
from display 114, in some embodiments the left-eye and
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right-eye frustums provide a more graceful decay as viewer
122 (FIG. 1) moves away from display 114. Furthermore,
when the resulting depth acuity in left-eye and right-eye
images 664 and 666 is sub-optimal, intuitive clues (such as by
changing the color of the rendered images or by displaying an
icon in the rendered images) may be used to alert viewer 122
(FIG.1).

Furthermore, while the preceding embodiments illustrated
prehension in the context of motion of optional interaction
tool 120, in other embodiments additional sensory feedback
may be provided to viewer 122 (FIG. 1) based on motion of
optional interaction tool 120. For example, haptic feedback
may be provided based on annotation, metadata or CT scan
Hounsfield units about materials having different densities
(such as different types of tissue) that may be generated by
data module 632. This haptic feedback may be useful during
surgical planning or a simulated virtual surgical procedure.

Because information in computer system 600 may be sen-
sitive in nature, in some embodiments at least some of the data
stored in memory 624 and/or at least some of the data com-
municated using communication module 628 is encrypted
using encryption module 638.

Instructions in the various modules in memory 624 may be
implemented in: a high-level procedural language, an object-
oriented programming language, and/or in an assembly or
machine language. Note that the programming language may
be compiled or interpreted, e.g., configurable or configured,
to be executed by the one or more processors 610.

Although computer system 600 is illustrated as having a
number of discrete components, FIG. 6 is intended to be a
functional description of the various features that may be
present in computer system 600 rather than a structural sche-
matic of the embodiments described herein. In some embodi-
ments, some or all of the functionality of computer system
600 may be implemented in one or more application-specific
integrated circuits (ASICs) and/or one or more digital signal
processors (DSPs).

Computer system 600, as well as electronic devices, com-
puters and servers in graphical system 100 (FIG. 1), may
include one of a variety of devices capable of performing
operations on computer-readable data or communicating
such data between two or more computing systems over a
network, including: a desktop computer, a laptop computer, a
tablet computer, a subnotebook/netbook, a supercomputer, a
mainframe computer, a portable electronic device (such as a
cellular telephone or PDA), a server, a portable computing
device, a consumer-electronic device, a Picture Archiving and
Communication System (PACS), and/or a client computer (in
aclient-server architecture). Moreover, communication inter-
face 612 may communicate with other electronic devices via
anetwork, such as: the Internet, World Wide Web (WWW), an
intranet, a cellular-telephone network, LAN, WAN, MAN, or
a combination of networks, or other technology enabling
communication between computing systems.

Graphical system 100 (FIG. 1) and/or computer system
600 may include fewer components or additional compo-
nents. Moreover, two or more components may be combined
into a single component, and/or a position of one or more
components may be changed. In some embodiments, the
functionality of graphical system 100 (FIG. 1) and/or com-
puter system 600 may be implemented more in hardware and
less in software, or less in hardware and more in software, as
is known in the art.

Applications

By combining image parallax, motion parallax, prehension
and stereopsis scaling to create an interactive stereo display, it
is possible for users of the graphical system to interact with
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displayed 3D objects as if they were real objects. For
example, physicians can visually work with parts of the body
in open 3D space. By incorporating the sensory cues associ-
ated with direct interaction with the displayed objects, it is
believed that both cognitive and intuitive skills of the users
will be improved. This is expected to provide a meaningful
increase in the user’s knowledge.

In the case of medicine, this cognitive-intuitive tie can
provide a paradigm shift in the areas of diagnostics, surgical
planning and a virtual surgical procedure by allowing physi-
cians and medical professionals to focus their attention on
solving clinical problems without the need to struggle
through the interpretation of 3D anatomy using 2D views.
This struggle, which is referred to as ‘spatial cognition,’
involves viewing 2D images and constructing a 3D recreation
in your mind (a cognitively intensive process). In the absence
of the True 3D provided by the graphical system, the risk is
that clinically significant information may be lost. The True
3D provided by the graphical system may also address the
different spatial cognitive abilities of the physicians and
medical professionals when performing spatial cognition.

In the discussion that follows, virtual colonoscopy is used
as an illustrative example of the application of the graphical
system and True 3D. However, in other embodiments the
graphical system and True 3D are used in a wide variety of
applications, including medical applications (such as mam-
mography) and non-medical applications.

In True 3D virtual colonoscopy (which is sometimes
referred to as ‘“True 3D computed tomography colonography’
or ‘True 3D-CTC”), areader (such as a physician) may: select
a CTC case; process the CTC case images to extract a 3D
model of the colon lumen and flag polyp candidates; and
implement a True 3D-CTC interpretation process to locate
and evaluate polyps. After selecting a CTC case, the reader
can view the CT images and scroll through them in open 3D
space using a hand-directed stylus as the optional interaction
tool to assess their diagnostic quality while the images are
processed in the background by the graphical system.

When processing the CTC case images, the graphical sys-
tem may read in the DICOM directory and may optionally
display the DICOM image stack, as described previously
with reference to FIG. 7. Then, during the object identifica-
tion and segmentation, the graphical system may segment the
colon by obtaining a probability map P. In particular, for each
voxel the graphical system may calculate three probabilities
of'belonging to each of the three tissue classes of interest (air,
liquid and interface, where the union of these three tissue
classes forms the inside of the colon), and then taking P as the
maximum of these three probabilities. Because the greyscale
distributions of air (tissue class wl) and liquid (tissue class
w2) are usually very distinguishable and stable in different
studies, they can be empirically learned by manually seg-
menting these two tissue classes in a given CT study, and then
constructing the probability distribution functions p(x;, w1)
and p(xj, w2) by standard kernel-density estimation.

This is illustrated in FIG. 14, which presents segmentation
in virtual colonoscopy (including defining values of x_, and y
for different tissue classes or pixel types along a cut plane
through the colon). In this figure, the chart depicts the 1D
values of the cut plane going across the abdomen soft tissue,
from the air-filled colon lumen to the contrast-filled colon
lumen. Thus, the 1D values start around +50 (or close to zero)
for soft tissue, drop down to near —1000 for air, rise sharply up
to the contrast near +1000, and then back to the soft tissue.
Therefore, in an exemplary embodiment, the tissue classes
include: air/CO,-filled colon lumen (x,=-1000 Hounsfield
units, y=50), tag/contrast-filled colon lumen (x,=1000 Houn-

10

15

20

25

30

35

40

45

50

55

60

65

30

sfield units, y=50), and the edges are a weighed summation of
air and contrast voxels with these parameters. Pseudo-code
for this calculation for virtual colonoscopy with 36 neighbor-
ing voxels is shown in Table 5. In this case, each voxel looks
at the neighboring voxels above and below its current y posi-
tion, but not the voxels at its current y position. This focuses
the segmentation calculation so that the air-contrast edge
voxels can be determined to complete the colon lumen (i.e.,
the calculation directs the segmentation neighborhood to fol-
low the naturally pooled contrast which creates a horizontal
edge between air and contrast).

TABLE 5

for each voxel (%, y, z) do
sum=0;
fori=-1to1do
forj=-2to2do
fork=-1to1do
if j NOT EQUAL to O then

sum +=P(wlj(x+ L,y +j,z+k));
sum +=P(w2j(x + L,y +j,z+ k));
%
end;
end;
end;
P(w3j(x, ¥, 2)) = sum/36;
end

More generally, the colon lumen is extracted using a digital
subtraction bowel cleansing (DSBC) technique that identifies
CT image pixels as: air, contrast material, or pixels at the
boundary of air and the contrast material. An accurate 3D
model of the colon mucosa may be generated by resetting the
greyscale values of the three identified pixel types to a grey-
scale value of —1,000 Hounsfield units and identifying the
lumen-mucosa edge.

Furthermore, each colon segment may be enclosed by a
bounding box, aligned with the vector connecting the proxi-
mal S and the distal D points of the centerline of the colon
segment. In order to approximate the geometry of a colon
segment, the shape of the bounding boxes may be kept thin
(such as an aspect ratio less than 0.25 or 0.3) and may be
iteratively subdivided to generate an articulated object model
that fits the tortuosity of the patient’s colon. As illustrated in
FIG. 15, which presents segmentation in virtual colonoscopy,
the colon may be divided into at least six standard segments
(e.g., the rectum, the sigmoid, the descending colon, the
transverse colon, the ascending colon and the cecum). These
colon segments may be included in a list of 3D clinical objects
of' the clinical anatomy for use by the graphics engine.

After segmentation, a high sensitivity and low false-posi-
tive rate computer-aided-diagnosis (CAD) technique may be
used to: flag polyp candidates by searching through the colon
lumen; evaluating if a particular part of the wall is shaped like
a polyp (e.g., based on geometric features); and if its neigh-
boring tissue is smooth (e.g., based on texture features).

The graphical system may provide a True 3D-CTC inter-
pretation process that includes: a primary navigation tech-
nique that facilitates polyp search via a 3D view of colon
segments with a cut plane; detailed polyp evaluation (the
clinical targets) using established criteria to identify true pol-
yps; and a problem-solving virtual instrument that provides a
combined 2D and a 3D view to reduce false-positive readings
(i.e., to correctly identify true polyps).

During colon-segment navigation, the reader or viewer
may select a colon segment that is displayed horizontally
across its long axis or centerline. With the hand-directed



US 9,225,969 B2

31

stylus, the reader may place a cut plane to visualize half or
more of the colon-segment lumen and may rotate the colon
segment on its long axis to bring the rest of the lumen into
view. The reader can move on to another colon segment by
activating a displayed next or previous button or icon. More-
over, during colon-segment navigation, the reader can book-
mark candidate lesions that meet true polyp-morphologic
features by selecting them using the stylus and a bookmark-
ing virtual instrument.

During the detailed polyp evaluation, characteristics of a
true poly may be used to confirm candidate polyps (such as
those identified by the CAD technique). Typical characteris-
tics of a true polyp may include: a spherical or hemispherical
morphology; smooth borders without angulation; and fixed
position for sessile polyps and flat lesions. Polyps may also be
correlated with homogeneous soft-tissue density in a 2D
image cross-section when viewed using the problem-solving
virtual instrument.

In particular, using the problem-solving virtual instrument,
bookmarked and CAD polyp candidates may be evaluated in
acombined 2D and a 3D view to assess tissue-density homo-
geneity with morphologic features. Using the hand-directed
stylus, the reader can interact with a 2D image projection or
cross-section over a 3D view of a polyp or colon segment
(with a translucent or transparent surface) to uncover under-
lying tissue density and neighboring anatomy. Additionally,
the reader can integrate lesion motion using correlate supine
and prone views, and can focus on polyp candidates using
region-of-interest magnification and window-level control.
Moreover, the reader can display 2D images with axial and
multi-planar reformatted, as well as 3D views including vol-
ume rendered images. If the reader points with the stylus to
potential lesions, the views being used may be updated for
correlation of findings.

True 3D-CTC may provide improved anatomic under-
standing. Current CTC visualization techniques typically
have limitations in representing the complicated 3D relation-
ships present in the colon, which facilitate polyp detection. In
order to successfully identify a polyp, radiologists usually
must integrate a series of 2D images in their mind and cog-
nitively extract the relevant 3D relationships that define the
colon, neighboring anatomy and polyps. In complicated
cases, they may have to visually map two or more views of the
same data to find appropriate correspondences of one view
with another view to produce a match and determine if what
they see is a true polyp. Instead, these operations can be
provided by the graphical system.

Furthermore, True 3D-CTC can enable immediate colon-
lumen identification as open tissue segments with no distor-
tion, and which maintain true or accurate 3D relationships. In
particular, True 3D-CTC may provide a better understanding
of anatomical shapes because it integrates all three dimen-
sions and corresponding depth cues in a single view.

True 3D-CTC may also provide increased polyp sensitiv-
ity. Reader perceptual error is a reason for false-negatives.
Ideally, polyps are visible as abnormal structures that pro-
trude the colon wall. However, when polyps are less con-
spicuous, radiologists typically report that: polyps appear
flat; polyp edges are not prominent (e.g., not well defined);
polyps are difficult to distinguish from a normal fold; polyps
look like noise or a normal bump on the colonic surface;
and/or the polyp looks like stool. Studies have determined
that polyp height is a major determinant of visual conspicuity.

Viewing polyp images with True 3D-CTC may be better
than analyzing monoscopic 3D-rendered images, because the
visual features that define a polyp (such as its shape, size,
height and edges) can be magnified as a function of image
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perspective and parallax. In particular, strong parallax can
enhance the visual elevation of polyps and the visual promi-
nence of edges in colon structures, and can improve the con-
textual features of colon folds.

True 3D-CTC can be used to reduce interpretation time.
The colon-segment navigation technique described above can
eliminate anterograde and retrograde endoluminal naviga-
tion, thereby decreasing interpretation times and reducing
reader tracking of the colon when there are redundant seg-
ments, aberrant anatomy, or if collapsed segments are
present. The colon-segment navigation technique also has the
potential to simplify reader decisions by displaying undis-
torted colon segments that preemptively remind readers of
particular colon-segment normal and abnormal anatomy.

Additionally, True 3D-CTC may increase reader tolerance
to image noise. Low-dose CTC imaging techniques are now
standard of care. However, overall image quality is reduced as
the radiation dose decreases (e.g., there is reduced soft-tissue
contrast and higher image noise). In particular, in 3D endolu-
minal images, artifacts like mucosal nodularity and endolu-
minal floaters can become more prominent. While techniques
such as adaptive statistical iterative reconstruction (ASIR)
can significantly reduce noise in low-dose images, imaging
artifacts can persist in 3D reconstructions. Viewing low-dose
polyp images with True 3D-CTC may offer improved perfor-
mance, because it enables readers to see through clutter in the
foreground or background, and makes it possible to focus at
different depth levels, potentially increasing the reader’s tol-
erance to image noise in low-dose CTC.

Combining True 3D-CTC with CAD can improve true-
positive and false-positive discrimination. In general, con-
ventional CTC combined with CAD is associated with high
false-positive rates, leaving readers the hard task of visually
mapping 2D and 3D views to discriminate true from false-
positives. True 3D-CTC plus CAD can reduce true-positive
and false-positive discrimination times because the problem-
solving virtual instrument can enable the assessment of lesion
tissue-density homogeneity with polyp morphologic features
in a combined 2D and a 3D view.

Finally, controlling CAD polyp candidates and any book-
marked polyp candidates with a hand-directed stylus offloads
spatial cognition onto the reader’s perceptual motor system,
instead of performing a mental rotation or an imagined per-
spective shift, thereby reducing the cognitive intensity of
CTC interpretation.

For these reasons, True 3D is expected to provide a signifi-
cant improvement in CTC. This was borne out in preliminary
benchmark testing. In particular, using a public CTC dataset,
True 3D increased the detection rate for a flat lesion greater
than 6 mm by 20%. Such improvements in CTC accuracy
may be important factor for patient screening compliance and
cost-effectiveness, as well as a key contributor of patients’
preference of CTC over ordinary colonoscopy.

Another diagnostic application of True 3D is in mammog-
raphy (i.e., the volumetric interpretation of breast images
based on mass and context tissue). In particular, True 3D may
be used to: landmark fibro-glandular tissue, veins and fat;
determine prior volume and size; determine the path of cal-
cification clusters; and delineate masses and tumors.

Another diagnostic application of True 3D is in diagnosing
labrum tears in orthopedics. The labrum is a fibro cartilagi-
nous rim attached around the margin of the glenoid cavity in
the shoulder blade. When it tears (for example, due to strenu-
ous exercise or exertion), the patient feels pain. A tissue-class
segmentation technique similar to that described previously
can be used to identify bones (tissue class 1), soft tissue
(tissue class 2) and cartilage (tissue class 3), thereby creating
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an edge between bones in a joint. After this segmentation,
each tissue class can provide a mask for volume rendering or
a surface, and can be decomposed in order to extract the
labrum.

Yet another diagnostic application of True 3D is in lung-
cancer screening, in which nodules grow in a patient’s air-
ways. Detecting such nodules can be difficult because of the
irregular structure of the bronchi as it spreads across ten
pulmonary segments. Once again, the tissue-class segmenta-
tion technique may be used to identity air (tissue class 1) and
the lumen of the bronchus (tissue class 2). The placement of
the bronchi segments enables a structured-review methodol-
ogy so that physicians can better identify nodules, their size
and shape, as well as precisely locate the nodules in the
pulmonary segments.

Methods

FIG. 16 presents a flow diagram illustrating a method 1600
for providing stereoscopic images, which may be performed
by graphical system 100 (FIG. 1) and, more generally, a
computer system. During operation, the computer system
generates the stereoscopic images (operation 1614) at a loca-
tion corresponding to a viewing plane based on data having a
discrete spatial resolution, where the stereoscopic images
include image parallax. Then, the computer system scales
objects in the stereoscopic images (operation 1616) so that
depth acuity associated with the image parallax is increased,
where the scaling (or stereopsis scaling) is based on the spa-
tial resolution and a viewing geometry associated with a
display. For example, the objects may be scaled prior to the
start of rendering. Next, the computer system provides the
resulting stereoscopic images (operation 1618) to the display.
For example, the computer system may render and provide
the stereoscopic images.

Note that the spatial resolution may be associated with a
voxel size in the data, along a direction between images in the
data and/or any direction of discrete sampling.

Moreover, the viewing plane may correspond to the dis-
play. In some embodiments, the computer system optionally
tracks positions of eyes (operation 1610) of an individual that
views the stereoscopic images on the display. The stereo-
scopic images may be generated based on the tracked posi-
tions of the eyes of the individual. Furthermore, the computer
system may optionally track motion (operation 1610) of the
individual, and may optionally re-generate the stereoscopic
images based on the tracked motion of the individual (opera-
tion 1618) so that the sterecoscopic images include motion
parallax. Additionally, the computer system may optionally
track interaction (operation 1612) of the individual with
information in the displayed stereoscopic images, and may
optionally re-generate the stereoscopic images based on the
tracked interaction so that the stereoscopic images include
prehension by optionally repeating (operation 1620) one or
more operations in method 1600. For example, the individual
may interact with the information using one or more interac-
tion tools. Thus, when generating the stereoscopic images
(operation 1614) or preparing the stereoscopic images, infor-
mation from optionally tracked motion (operation 1610) and/
or the optionally tracked interaction may be used to generate
or revise the view and projection matrices.

Note that the stereoscopic images may include a first image
to be viewed by a left eye of the individual and a second image
to be viewed by a right eye of the individual. Moreover, the
viewing geometry may include a distance from the display of
the individual and/or a focal point of the individual.

In some embodiments, generating the stereoscopic images
is based on: where the information in the stereoscopic images
is located relative to the eyes of the individual that views the
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stereoscopic images on the display; and a first frustum for one
of'the eyes of the individual and a second frustum for another
of'the eyes of the individual that specify what the eyes of the
individual observe when viewing the stereoscopic images on
the display. Furthermore, generating the stereoscopic images
may involve: adding monoscopic depth cues to the stereo-
scopic images; and rendering the stereoscopic images.

In some embodiments, the computer system optionally
tracks a gaze direction (operation 1610) of the individual that
views the stereoscopic images on the display. Moreover, an
intensity of a given voxel in a given one of the stereoscopic
images may be based on a transfer function that specifies a
transparency of the given voxel and the gaze direction so that
the stereoscopic images include foveated imaging.

FIG. 17 presents a flow diagram illustrating a method 1700
for determining segments of an anatomical feature in multiple
images, which is sometimes referred to as ‘segment naviga-
tion,” and which may be performed by graphical system 100
(FIG. 1) and, more generally, a computer system. During
operation, the computer system determines segments of an
anatomical feature in multiple images (operation 1710).
These segments may describe the anatomical feature using a
hierarchical arrangement of nodes and branches. Further-
more, the segments may have aspect ratios less than a pre-
determined value. Using the segments, the computer system
may provide 3D stereoscopic images with motion parallax
and/or prehension (operation 1712). For example, the seg-
ments may facilitate: more compact storage of information
corresponding to the anatomical feature, fast extraction of
regions of interest by the computer system, and faster rending
of'the 3D stereoscopic images by the computer system.

FIG. 18 presents a flow diagram illustrating a method 1800
for providing 3D stereoscopic images and associated 2D pro-
jections, which may be performed by graphical system 100
(FIG. 1) and, more generally, a computer system. During
operation, the computer system provides one or more 3D
stereoscopic images with motion parallax and/or prehension
along with one or more 2D projections (or cross-sectional
views) associated with the 3D stereoscopic images (operation
1810). The 3D stereoscopic images and the 2D projections
may be displayed side by side on a common display. More-
over, as the user interacts with the 3D stereoscopic images
and/or the one or more 2D projections and changes their
viewing perspective, the computer system may dynamically
update the 3D stereoscopic images and the 2D projections
based on the current perspective (operation 1812). In some
embodiments, note that the 2D projections are always pre-
sented along a perspective direction perpendicular to the user
so that motion parallax is registered in the 2D projections.

In some embodiments of methods 1600, 1700 and/or 1800
there may be additional or fewer operations. Moreover, the
order of the operations may be changed, and/or two or more
operations may be combined into a single operation.

In the preceding description, we refer to ‘some embodi-
ments.” Note that ‘some embodiments’ describes a subset of
all of the possible embodiments, but does not always specify
the same subset of embodiments.

The foregoing description is intended to enable any person
skilled in the art to make and use the disclosure, and is
provided in the context of a particular application and its
requirements. Moreover, the foregoing descriptions of
embodiments of the present disclosure have been presented
for purposes of illustration and description only. They are not
intended to be exhaustive or to limit the present disclosure to
the forms disclosed. Accordingly, many modifications and
variations will be apparent to practitioners skilled in the art,
and the general principles defined herein may be applied to
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other embodiments and applications without departing from
the spirit and scope of the present disclosure. Additionally, the
discussion of the preceding embodiments is not intended to
limit the present disclosure. Thus, the present disclosure is not
intended to be limited to the embodiments shown, but is to be
accorded the widest scope consistent with the principles and
features disclosed herein.

What is claimed is:
1. A computer-implemented method for providing stereo-
scopic images, wherein the method comprises:
using the computer system, generating the stereoscopic
images at a location corresponding to a viewing plane
based on data having a discrete spatial resolution,
wherein the stereoscopic images include image parallax;

performing dimensional scaling of the data having the
discrete spatial resolution based on a size of a display
without changing a voxel size in the data;

scaling objects in the stereoscopic images so that depth

acuity associated with the image parallax is increased,

wherein the scaling is based on the spatial resolution and

a viewing geometry associated with the display; and
providing the resulting stereoscopic images to the display.

2. The method of claim 1, wherein the spatial resolution is
associated with a voxel size in the data.

3. The method of claim 1, wherein the spatial resolution is
associated with a discrete spacing along a direction between
images in the data.

4. The method of claim 1, wherein the viewing plane cor-
responds to the display.

5. The method of claim 1, wherein the method further
includes tracking positions of eyes of an individual that views
the stereoscopic images on the display; and

wherein the stereoscopic images are generated based on

the tracked positions of the eyes of the individual.

6. The method of claim 5, wherein the method further
includes:

tracking motion of the individual; and

re-generating the stereoscopic images based on the tracked

motion of the individual so that the stereoscopic images
include motion parallax.

7. The method of claim 5, wherein the method further
includes:

tracking interaction of the individual with information in

the displayed stereoscopic images; and

re-generating the stereoscopic images based on the tracked

interaction so that the stereoscopic images include pre-
hension.

8. The method of claim 7, wherein the individual interacts
with the information using an interaction tool.

9. The method of claim 1, wherein the stereoscopic images
include a first image to be viewed by a left eye of an individual
that views the stereoscopic images on the display and a sec-
ond image to be viewed by a right eye of the individual.

10. The method of claim 1, wherein the viewing geometry
includes a distance from the display of an individual that
views the stereoscopic images on the display.

11. The method of claim 1, wherein the viewing geometry
includes a focal point of an individual that views the stereo-
scopic images on the display.

12. The method of claim 1, wherein generating the stereo-
scopic images is based on:

where information in the stereoscopic images is located

relative to the eyes of an individual that views the ste-
reoscopic images on the display; and

a first frustum for one of the eyes of the individual and a

second frustum for another of the eyes of the individual
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that specify what the eyes of the individual observe
when viewing the stereoscopic images on the display.

13. The method of claim 1, wherein generating the stereo-
scopic images involves:

adding monoscopic depth cues to the stereoscopic images;

and

rendering the stereoscopic images.

14. The method of claim 1, wherein the method further
includes tracking a gaze direction of an individual that views
the stereoscopic images on the display; and

wherein an intensity of a given voxel in a given one of the

stereoscopic images is based on a transfer function that
specifies a transparency of the given voxel and the gaze
direction so that the sterecoscopic images include fove-
ated imaging.

15. A computer-program product for use in conjunction
with a computer system, the computer-program product com-
prising a non-transitory computer-readable storage medium
and a computer-program mechanism embedded therein, to
facilitate providing of stereoscopic images, the computer-
program mechanism including:

instructions for generating the stereoscopic images at a

location corresponding to a viewing plane based on data
having a discrete spatial resolution, wherein the stereo-
scopic images include image parallax;
instructions for performing dimensional scaling of the data
having the discrete Spatial resolution based on a size of
a display without changing a voxel size in the data;

instructions for scaling objects in the stereoscopic images
so that depth acuity associated with the image parallax is
increased, wherein the scaling is based on the spatial
resolution and a viewing geometry associated with the
display; and

instructions for providing the resulting stereoscopic

images to the display.

16. The computer-program product of claim 15, wherein
the spatial resolution is associated with a discrete spacing
along a direction between images in the data.

17. The computer-program product of claim 15, wherein
the computer-program mechanism further includes instruc-
tions for tracking positions of eyes of an individual that views
the stereoscopic images on the display; and

wherein the stereoscopic images are generated based on

the tracked positions of the eyes of the individual.

18. The computer-program product of claim 17, wherein
the computer-program mechanism further includes:

instructions for tracking motion of the individual; and

instructions for re-generating the stereoscopic images
based on the tracked motion of the individual so that the
stereoscopic images include motion parallax.
19. The computer-program product of claim 17, wherein
the computer-program mechanism further includes:
instructions for tracking interaction of the individual with
information in the displayed stereoscopic images; and

instructions for re-generating the stereoscopic images
based on the tracked interaction so that the stereoscopic
images include prehension.

20. A computer system, comprising:

a processor; and

memory, wherein the memory stores a program module,

and wherein the program module is configured to be
executed by the processor to facilitate providing of ste-
reoscopic images, the program module including:
instructions for generating the stereoscopic images at a
location corresponding to a viewing plane based on
data having a discrete spatial resolution, wherein the
stereoscopic images include image parallax;
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instructions for performing dimensional scaling of the
data having the discrete spatial resolution based on a
size of a display without changing a voxel size in the
data;

instructions for scaling objects in the stereoscopic 5
images so that depth acuity associated with the image
parallax is increased, wherein the scaling is based on
the spatial resolution and a viewing geometry associ-
ated with the display; and

instructions for providing the resulting sterecoscopic 10
images to the display.
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